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two  environments  (i.e.,  dry  air  and  3.5%  NaCl),  and  three  different  bolt  load 
transfer  levels  (i.e.,  0%,  20%  and  40%). 
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For  Che  7000  series  aluminum  alloys  in  Che  over-aged  condicion  ic  was 
concluded  ChaC:  (1)  che  CF  meChodology  is  adequace  for  boch  crack  iniciacion  and 
crack  propagation,  (2)  no  significanC  synergisCic  effecc  beCween  loading  and 
environmenC  was  observed;  hence,  scrain-concrolled  daca  and  da/dN  versus  <1K  daca 
required  Co  laplemenc  Che  meChodology  can  be  acquired  ac  a  faac  frequency,  (3) 
che  effecc  of  environmenC  on  boch  CF  crack  iniciacion  and  CF  crack  propagaeion 
can  be  "scaled”,  (4)  no  special  crack  gravch  models  are  required  Co  accounc  for 
Che  effecc  of  environmenC  on  da/dN  versus  IK,  (5)  existing  load- inCerac Cion  models 
do  noc  apply  Co  all  load  specCra  irrespeccive  of  che  loading  sequences,  mulciple 
overloads,  number  of  loading  cycles,  (6)  che  load  recardacion  is  independenc  of 
che  environmenC,  and  (7)  che  effecc  of  specimen  precondicloning(preCesclng  and 
presoaking  in  3.5X  NaCl  solution)  was  more  pronounced  for  CF  crack  iniciacion 
chan  for  crack  propagaeion. 

CF  crack  propagaeion  predlcCions  correctly  predicted  che  trends  in  Che 
experimental  data  and  correctly  ranked  che  predictions  in  order  of  spectrum 
severity.  Predictions  in  general  did  not  agree  wich  che  average  cest  results. 

This  lack  of  correlation  is  attributed  mainly  co  an  inadequate  load-recardation 
model  rather  chan  a  problem  wich  che  CF  analysis  meChodology.  The  CF  meChodology 
should  also  apply  co  7000  series  alloys  in  Che  peak-aged  condition  providing  Che 
strain-life  data  and  che  da/dN  versus  IK  data  are  acquired  at  che  lowest  frequency 
expected  in  service. 


The  effect  of  frequency  on  fatigue  crack  growth  in  a  beta 
annealed  T1-6A1-4V  alloy  in  a  3.57!  NaCl  solution  at  room  cemperature  was  investigated. 
Details  are  documented  in  Volume  V  and  highlights  are  summarized  in  this  Volume  (III) . 
IC  was  concluded  chat:  (1)  crack  growth  races  strongly  depend  on  frequency  and  K 
level,  (2)  crack  growth  enhancement  appeared  to  result  from  the  formation  and  rupCure 
of  a  hydride  phase,  (3)  the  environmenC  can  also  interact  with  the  applied  load  to 
influence  che  crack  growth  recardacion,  (4)  the  spectrum  load  facigue  life  is 
expected  to  be  a  complex  function  of  frequency,  load  level  and  load  sequence, 

(5)  a  prohibitively  large  amount  of  data  would  be  required  to  make  life  predictions 
using  one  of  the  available  cycle-by-cycle  procedures  and  (6)  novel  procedures  should 
be  developed  which  incorporates  the  combined  load/environment  interaction  effect 
on  CF  crack  propagation  predictions. 
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FOREWORD 


This  program  was  conducted  by  General  Dynamics,  Fort 
Worth  Division  (under  NADC  Contract  N62269-8 l-C-0268 )  with 
Lehigh  University  (Dr.  R.  P.  Wei)  as  a  subcontractor/consult¬ 
ant.  The  program  was  sponsored  by  the  Naval  Air  Development 
Center,  Warminster,  PA,  with  Mr.  P.  Kozel  as  the  project 
engineer.  Dr.  S.  D.  Manning  of  General  Dynamics,  Fort  Worth 
Division,  was  the  Program  Manager/Principal  Investigator  and 
Dr.  R.  P.  Wei  of  Lehigh  University  was  a  co-investigator. 

Several  General  Dynamics  personnel  supported  the  Phase 
II  effort  as  follows.  D.  E.  Gordon  coordinated  the  overall 
testing  effort,  procured  specimens,  performed  the  strain- 
controlled  and  the  constant  amplitude  tests,  eddy  current 
inspections,  fractographic  evaluations,  data  analyses,  and 
documentation.  S.  B.  Kirschner  coordinated  the  dog-bone 
specimen  spectrum  tests  and  performed  f ractographic  evalua¬ 
tions  and  data  analyses.  Dog-bone  specimen  spectrum  tests 
and  specimen  dimensional  checks  were  performed  by  R.  0.  Nay. 
Corrosion  fatigue  testing  support  was  provided  by  F.  C. 
Nordquist,  J.  W.  Hagemayer  and  H.  C.  Hoffman.  S.  D.  Forness 
developed  the  test  tapes  for  the  F-18  load  spectra,  performed 
preliminary  strain  life  analyses  and  contributed  to  the 
strain  life  computer  program  implementation.  The  strain  life 
computer  software  was  implemented  by  J .  W.  Norris  and  the 
final  strain  life  analyses  were  performed  by  W.  W.  Robbins. 
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Crack  growth  analyses  were  performed  by  J.  B.  Heckel,  R.  Roach 
and  L.  E.  Brubaker.  Technical  support  was  also  provided  by 
J.  W.  Morrow,  Dr.  J.  H.  Chung,  B.  J.  Pendley  and  P.  D.  Hudson. 

This  report  (Volume  III)  documents  the  Phase  II  technical 
effort  and  includes  the  final  summary,  conclusions  and  recom¬ 
mendations  for  the  program.  The  following  reports  (NADC-83126-60) 
were  also  prepared  under  the  Phase  II  effort: 

o  Volume  IV  -  Phase  II  Test  and  Fractographic 
Results 

o  Volume  V  -  Corrosion  Fatigue  Cracking  Response  of 
Beta-Annealed  Ti-6AL-4V  Alloy  in  3% 


NaCl  Solution 
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SECTION  I 

INTRODUCTION 

Metallic  airframes  must  be  designed  to  resist  "corrosion 
fatigue"  (CF)  in  service,  to  assure,  with  a  high  degree  of 
confidence,  that  the  airframe  will  have  a  useful  service  life 
and  can  be  economically  maintained.  Carrier-based  aircraft 
are  particularly  susceptible  to  corrosion  fatigue  due  to  the 
wide  range  and  severity  of  operating  loads  and  environments 
(e.g.,  3.5%  NaCl,  stack  gases,  acid  rain,  etc.). 

Airframes  contain  literally  thousands  of  fastener  holes 
and  service  experience  has  shown  that  mechanically-fastened 
joints  are  very  susceptible  to  fatigue  cracking  in  service 
[1-6].  Furthermore,  mechanically-fastened  joints  are  parti¬ 
cularly  prone  to  corrosive  attack  as  skin  protective  coatings 
ana  fastener  plating  break  down  from  the  fretting  action  due 
to  relative  motion  occurring  in  the  loaded  fasteners  and 
holes.  Removing  fasteners  for  airframe  maintenance  and 
repairs  can  also  lead  to  surface  scratches  around  fastener 
holes  which  may  break  through  the  protective  coating  and 
expose  the  surface  of  the  metal  to  corrosive  attack.  Also, 
fasteners  may  loosen  in  service. 

Foreign  material  and  moisture  can  enter  a  mechanically- 
fastened  joint  between  the  fastener  and  hole  surface  by 
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capillary  action.  This  can  ultimately  cause  galvanic  cor¬ 
rosion.  After  prolonged  operation,  severe  pitting  and  exten¬ 
sive  exfoliation  can  also  occur  in  mechanically-fastened 
joints.  Corrosion  preventative  maintenance  is  required  to 
minimize  the  deterior iating  effects  of  the  environment  on  the 
airframe  during  its  service  life.  Such  maintenance  is  not 
only  costly  and  time  consuming  but  it  also  effects  the  opera¬ 
tional  readiness  of  the  fleet. 

Reliable  methods  are  required  to  design  mechanically- 
fastened  joints  in  metallic  airframes  to  resist  corrosion 
fatigue  and  to  analytically  assure,  with  a  high  degree  of 
confidence,  that  a  specified  service  life  can  be  attained 

in  service.  The  Navy  has  design  requirements  for  airframe 
strength  and  life  [7-15].  Various  methods  have  been  de¬ 
veloped  to  acquire  corrosion  fatigue  design  data  for  mechan¬ 
ically  fastened  joints  [e.g.,  16].  Analytical  tools  for 
predicting  the  time-to-crack- init iation  (TTCI)  and  time  to 
failure  (TTF)  in  mechanically-fastened  joints  have  also  been 
developed.  However,  further  improvements  in  the  testing  and 
predictive  methodology  are  needed  to  unify  the  corrosion 
fatigue  methodology  and  to  increase  confidence  in  its 
appl ication. 

The  corrosion  fatigue  of  mechanically-fastened  joints  is 
a  complex  problem  for  several  reasons.  Various  aspects  are 
discussed  below: 
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1.  Corrosion  fatigue  behavior  involves  the  synergistic 
effects  of  mechanical,  metallurgical  and  environmental  fac¬ 
tors.  Such  factors  must  be  accounted  for  when  characterizing 
the  corrosion  fatigue  behavior  of  mechanically-fastened 
joints  and  in  the  corrosion  fatigue  predictive  methodology. 

2.  It  is  very  difficult  to  realistically  define  the 
ected  service  loads,  environments  and  their  extremes 

for  carrier-based  aircraft  during  the  design  stage.  Also, 
there  are  an  infinite  number  of  possible  loading  and  envir¬ 
onment  combinations  that  could  be  encountered  in  service. 

A  more  realistic  definition  of  actual  service  loads  and 
environments  may  be  possible  only  after  considerable  in- 
service  experience. 

3.  Even  if  the  service  loads  and  environments  could  be 
accurately  aefinea  curing  the  design  stage,  such  information 
must  ultimately  be  translated  into  suitable  corrosion  fatigue 
test  requirements.  Real-time  tests  of  expected  service  load/ 
environment  combinations  are  not  practical  due  to  the  prohib¬ 
itive  test  costs  and  test  times.  Therefore,  simplified  cor¬ 
rosion  fatigue  tests  are  required  to  cover  different  mechan¬ 
ically-fastened  joint  variables  and  configurations  that  may 
be  encountered  at  different  airframe  locations. 


4.  There  are  many  variables  to  consider  when  setting  up 
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the  test  plan  for  acquiring  corrosion  fatigue  design  data 
(e.g.,  17-21].  For  example,  such  variables  include  load 
spectra,  environment  (e.g.,  dry  air,  3.5%  NaCl,  etc.),  stress 
level,  loading  frequency,  stress  ratio,  hold-time,  fastener 
type/fit,  amount  of  fastener  load  transfer,  temperature, 
material,  specimen  geometries,  specimen  preconditioning, 
protective  coatings,  duration  of  environmental  exposure,  etc. 
The  number  of  test  variables  need  to  be  minimized  to  reduce 
test  costs  and  to  focus  attention  on  those  variables  with  the 
most  significant  effect  on  the  corrosion  fatigue  behavior  of 
mechanically-fastened  joints. 

5.  Corrosion  fatigue  test  results  for  the  TTCI  and 
crack  propagation  typically  exhibit  considerable  scatter.  A 
suitable  number  of  tests  must  be  selected  to  acquire  statis¬ 
tically  valid  data.  Also,  the  scatter  in  the  corrosion  fati¬ 
gue  design  data  must  be  accounted  for  when  making  fatigue 
life  predictions  for  mechanically-fastened  joints. 

6.  Corrosion  fatigue  behavior  may  vary  for  different 
materials  and  for  different  combinations  of  variables.  For 
example,  the  corrosion  fatigue  behavior  of  the  7075-T7651 
aluminum  alloy  is  considerably  different  than  the  beta 
annealed  6A1-4V  Ti  alloy.  Moreover,  the  corrosion  behavior 
of  different  aluminum  alloys  may  vary.  This  complicates  the 
selection  and  ranking  of  the  most  appropriate  combination  of 
material,  fastener  system  and  protective  coating  for  mechan- 
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ically-f astened  joint  design. 

7.  Corrosion  fatigue  tests  and  testing  methods  have  not 
been  standardized  for  acquiring  design  data.  Hence,  much  of 
the  existing  corrosion  fatigue  data  currently  available  from 
various  aircraft  development  programs  are  not  compatible.  As 
a  result,  a  new  series  of  corrosion  fatigue  tests  are  requir¬ 
ed  for  each  aircraft  procurement.  This  is  costly  and  time- 
consuming.  Standardized  corrosion  fatigue  tests,  methods  and 
data  are  needed  to  provide  applicable  data  for  different 
aircraft  systems  and  to  minimize  the  number  of  additional 
corrosion  fatigue  tests  required. 

8.  Mechanically-f astened  joints  are  usually  designed 
for  corrosion  fatigue  using  the  expected  operating  service 
loads  and  environments,  suitable  corrosion  fatigue  design 
data/test  results,  appropriate  corrosion  fatigue  analysis 
methods  and  engineering  judgement/exper lence .  ElaDorate 
corrosion  fatigue  tests  and  strict  manuf actur ing/quai 1 ty 
controls  can  be  used  to  produce  the  best  airframe  possible. 
However,  the  real  test  of  structural  performance  and  fatigue 
life  can  be  obtained  only  from  actual  service  experience. 
Hopefully,  corrosion  fatigue  problems  that  are  "he  1 1- to-f ix" 
can  be  minimized. 

The  main  objectives  of  this  program  are  to: 
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1.  Develop  and  verify  an  analytical  methodology  for 
predicting  the  TTCI  and  crack  propagation  life  of  mechan¬ 
ically-fastened  joints  in  a  corrosive  environment. 

2.  Develop  corrosion  fatigue  test/data-acquis it  ion 
methods  and  guidelines  for  acquiring  statistically-valid  data 
needed  to  implement  the  analytical  methodology. 

3.  Study  the  effects  of  various  factors  on  the  cor¬ 
rosion  fatigue  behavior  of  mechanically-fastened  joints. 

The  Phase  I  effort,  documented  in  Volumes  I  and  II 
[6,  22],  was  concerned  with  three  tasks  as  follows: 

o  Task  1  -  Methodology  and  Data  State-of-the-Art 
Assessment 

o  Task  2  -  Methodology  Development 

o  Task  3  -  Test  Plan  Development 

In  Phase  I,  the  existing  corrosion  fatigue  analysis 
methods  were  reviewed,  the  effects  of  various  variables 
(i.e.,  stress  level,  R-ratio,  loading  frequency,  environment 
hold-time,  etc.)  on  TTCI  and  crack  growth  were  experimentally 


investigated 

and  evaluated 

for 

two  different 

materials 

(7075-T7651 

aluminum  alloy 

and 

beta-annealed 

6A1-4V  Ti 
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alloy),  and  a  test  plan  was  developed  for  the  Phase  II 
effort.  The  most  suitable  corrosion  fatigue  analysis  methods 
for  predicting  the  TTCI  and  crack  propagation  for  mechanic¬ 
ally-fastened  joints  were  recommended  in  Phase  I  for  evalua¬ 
tion  in  Phase  II.  Constant  amplitude  corrosion  fatigue  data 
was  acquired  under  the  Phase  I  effort. 

The  objectives  of  the  Phase  II  effort  were  to:  (1) 
develop  and  evaluate  suitable  experimental  methods  and  speci¬ 
mens  for  acquiring  corrosion  fatigue  data  for  mechanically- 
fastened  joints,  (2)  acquire  corrosion  fatigue  data  needed  to 
implement  the  predictive  methods  recommended  under  Phase  I, 
(3)  evaluate  the  effectiveness  of  the  CF  analysis  methodology 
for  predicting  the  fatigue  life  of  mechanically-fastened 
joints  under  the  spectrum  loading,  and  (4)  evaluate  the 
effects  of  various  factors  (e.g.,  loading  frequency,  R-ratio, 
stress  level,  load  transfer,  load  spectra)  on  the  TTCI  and 
crack  propagation  in  mechanically-fastened  joints.  This 
report  (Volume  III)  documents  the  Phase  II  effort. 

In  Phase  I,  it  was  found  that  the  corrosion  fatigue 
behavior  of  the  beta-annealed  6A1-4V  titanium  alloy  was  very 
complex  [22] .  For  this  reason,  the  Phase  II  effort  was 
mainly  concerned  with  the  demonstration  and  evaluation  of  the 
corrosion  fatigue  methodology  for  7075-T7651  aluminum.  In 
Phase  II,  the  beta-annealed  6A1-4V  titanium  alloy  investiga¬ 
tions  were  limited  to  the  development  of  a  better  understand- 
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ing  of  the  corrosion  fatigue  crack  growth  mechanisms  and  the 
effects  of  loading  frequency  were  emphasized  [23] . 

Since  corrosion  fatigue  is  a  complex  problem,  continuing 
research  is  necessary  to  advance  the  CF  test  and  analysis 
methodology  state-of-the-art.  This  program  provides  one  of 
the  steps  in  this  development  process. 
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SECTION  II 

PHASE  II  TEST  PROGRAM 

2.1  INTRODUCTION 

Essential  elements  of  the  Phase  II  test  program  are 
described  in  this  section,  including  the  test  objectives, 
test  variables  considered,  specimen  geometries,  test  matri¬ 
ces,  test  setup  and  procedures,  etc.  A  more  complete  des¬ 
cription  of  the  Phase  II  experimental  work  and  test  results 
are  presented  in  Volume  IV  [24] . 

2.2  PHASE  II  TEST  OBJECTIVES 

The  main  objectives  of  the  Phase  II  test  program  were 

to : 

1  .  Develop  and  evaluate  suitable  experimental  methods 
and  specimens  for  acquiring  corrosion  fatigue  data  for 
mechanically  fastened  joints  (Task  4). 

2.  Acquire  statistically-valid  corrosion  fatigue  data 
needed  to  implement  and  "tune  the  corrosion  fatigue  analysis 
methodology  for  spectrum  loading  applications  (Task  5). 

3.  Provide  statistically-valid  experimental  data  for 


9 


NADC-8  3 1 2 6- 60 -Vo 1 .  Ill 


evaluating  the  effects  of  various  factors  (e.g.,  loading 
frequency,  R-ratio,  stress  level,  load  spectra,  and  percent 
bolt  load  transfer)  on  the  t ime- to-crack- initiation  (TTCI) 
and  time-to-failure  (TTF)  in  fastener  holes  (Task  5). 

4.  Provide  key  experimental  results  for  Ti-6Al-4V  alloy 
for  developing  a  better  understanding  of  basic  mechanism  and 
the  effects  of  loading  frequency  on  fatigue  crack  growth 
( Task  5 ) . 


5.  Provide  corrosion  fatigue  test  results  for  crack 
initiation  and  crack  growth  in  fastener  holes  that  can  be 
used  to  evaluate  the  accuracy  of  analytical  methodology 
described  in  Volume  I  [3]  (Task  6). 

2.3  SPECIMEN  AND  TEST  MATRICES 

The  corrosion  fatigue  test  program  for  Phase  II  included 
253  test  specimens  as  shown  in  Table  1.  Three  basic  specimen 
geometries  were  used  (ref.  Figs.  1-3).  A  summary  of  the  test 
variables  used  in  Phase  II  are  summarized  in  Table  2. 

The  test  matrix  for  the  experimental  methodology  devel¬ 
opment  effort  is  shown  in  Table  3.  Tests  performed  under 
Task  5  are  presented  in  Tables  4,  5  and  6  for  strain-con- 
trolled  tests,  for  Ti-6A1-4V  compact  tension  tests,  and 
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Fig.  5  Test  Setup  for  No-3olt  Load  Transfer 
Dog-Bone  Specimen  Tests 
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tension  specimens  (Fig.  2).  The  strain-controlled  and  the 
compact  tension  tests  for  the  titanium  alloy  are  documented 
in  Volume  IV,  Appendix  A  [24  and  Volume  V  [23],  respectively. 

2.4.2  No-Load  Transfer  Dog-Bone  Specimen  Tests 

Dog  one  specimens  (Fig.  3)  of  7075-T7651  aluminum  were 
fatigue  tested.  The  test  setup  for  the  no-load  transfer 
specimen  tests  is  shown  in  Fig.  5.  Details  of  the  environ¬ 
mental  chamber  used  for  the  no-load  transfer  tests  are  shown 
in  Fig.  6.  Both  desiccant  (for  dry  air  environment)  and  3.5% 
NaCl  solution  could  be  placed  in  these  chambers.  The  envir¬ 
onment  chamber  system  shown  was  used  for  both  constant  ampli¬ 
tude  and  spectrum  fatigue  tests  in  Phase  II. 

2.4.3  Load  Transfer  Dog-Bone  Specimen  Tests 

The  test  setup  for  the  load  transfer  tests  are  shown  in 
Figure  7.  The  environmental  chamber  was  an  integral  part  of 
the  loading  bar  used  to  transmit  load  directly  from  the  ram 
to  the  bolt.  Details  of  the  chamber  are  shown  in  Figure  8. 
Either  desiccant  crystals  (dry  air)  or  3.5%  NaCl  solution 
could  be  added  to  the  chambers. 

Test  spectrum  loads  were  simulated  using  a  haversine 
wave  form  for  positive-to-zero  loads  and  for  zero-to-negat ive 
loads.  This  provided  a  short  dwell  time  at  zero  load  for 


i  (kiiiu  i) ta  I  Chamber  and  Test  Setup  for 
i  n  I'ontro  1  led  Tests 
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TABLE  8  CODING  SYSTEM  FOR  DESCRIBING  TESTS 


ITEM 


Typa  Taat  or  Spactrua 


o 

o 

o 

o 

o 


Straaa  Laval  o 

(kal.  groaa) 


%  Bolt  Load  Tranafar  |  o 


Spactrua  Loading 
Fraquancy 


o 

o 

o 


Enviroruaant 


o 

o 


CODE 


CA  *  Conatant  Aaplltuda  Taat 
SC  ■  Strain-Controllad  Taat 
A  *  r-16  400  Mr.  ( Hl-Lo  Block) 
8  -  r-18  300  Hr.  ( Random) 

C  -  P-18  300  Hr.  (Hl-Lo  Block) 


28,  30,  32,  34  kal 


20  or  40  (Followa  straaa  laval 
if  appllcabla) 


P  ■  Faat  (8000  fit  hrs/2  daya) 

S  ■  Slow  (8000  fit  hrs/16  daya) 
>4  •  XSlow  (8000  fit  hrs/90  days) 


D  •  Dry  Air  @  R.T. 

W  ■  3.5%  NaCl  Solution  8  R.T. 


- 1 _ 

i 

Bolt  in  Hola  j  o 


<■  r  acond  1 1  Ion  1  ng 


i 


o 


B  >  Bolt  in  Hola  (Notad  for 
0%  LT  Taats) 

PC  ■  Spaclaan  Pracondi t  ionad 
(Prataatad  and  Soakad  in 
3.5%  NaCl  Solution 


Examples : 


lil  A-28/P/W  ■  f-H  400  Br.  Spactruai  28  kal 

(groaa)  atraaa  on  taat  taction* 
fast  loading  fraquancy)  3.5% 
NaCl  ana Ironaant 

(2)  A- 28/20/8/ 0/B/PC  a  r-i*  400  Hr.  Spactrua)  28  kal 

(groaa)  atraaa  on  taat  taction* 
20%  bolt  load  tranafari  alow 


loading  traquancyi  dry  air*  bolt 
in  hole*  apaclaan  praeond It lonad 
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for  dog-bone  specimen  tests,  respectively.  Forty-six  dog- 
bone  specimens  were  tested  under  Task  6  as  indicated  in 
Table  7.  Test  conditions  were  described  in  a  coded  format  to 
concisely  define  the  test  variables  (Table  8). 

2.4  TEST  SETUPS  AND  PROCEDURES 

Test  setups  for  the  different  types  of  tests  performed 
under  Phase  II  are  described  in  this  section,  including 
a  brief  summary  of  experimental  procedures.  Details  are 
given  in  Volume  IV  [2 4)  and  V  [2  3]  . 

2.4.1  Strain-Controlled  Tests 

The  test  setup  for  the  strain-controlled  tests  is  shown 
in  Fig.  4.  Essential  elements  of  the  test  include:  specimen 
(Fig.  1),  MTS  machine  with  hydraulic  grips,  environmental 
chamber,  environment  (dry  air  simulated  by  desicant;  3.5% 

NaCl  solution),  two-inch  modified  MTS  extensometer ,  and 
instrumentation. 

Beta-annealed  Ti-6A1-4V  was  also  tested  but  tests  were 
limited  to  smooth  un-notched  specimens  (Fig.  1)  and  compact 
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TABLE  4  STRAIN-CONTROLLED  TESTS  FOR  TASK  5 


LOADING 

MATERIAL 

TEST  I.D. 

— - - 

DATA 

SET 

NO. 

ENVIRONMENT 

FREQUENCY 

NO. 

SPECIMENS 

TESTED 

DRY 

3.52  NaCl 

Cons cant 

7075-T7651 

SC/D/A 

B9 

X 

- 

VARIABLE 

22 

Amplitude 
(R— 1) 

7075-T7651 

SC/W/A 

m 

- 

X 

VARIABLE 

23 

T1-6A1-4V 

82 

X 

- 

VARIABLE 

18 

T1-6A1-4V 

I  | 

83 

- 

X 

VARIABLE 

11 

74 

! 


TABLE  5  Ti-6Al-4V  ALLOY  CRACK  GROWTH  TESTS  FOR  TASK  5 


SPECIMEN 


MATERIAL 


ENVIRONMENT 


|  K  LEVEL 

NO.  SPECIMEN 

LOW 

MED 

i  HIGH 

TESTED 

TABLE  3  EXPERIMENTAL  METHODOLOGY  DEVELOPMENT  AND  EVALUATION  TESTS  (TASK  4) 
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TABLE  2  PHASE  II  TEST  VARIABLES 


MATERIAL 

0 

0 

7075-T7651  ALUMINUM  ALLOY 

T1-6A1-4V  ALLOY 

ENVIRONMENT 

0 

DRY  AIR 

0 

3.5%  NaCl  SOLUTION 

TYPE  LOADING 

0 

STRAIN-CONTROLLED 

0 

CONSTANT  AMPLITUDE 

rt 

LOAD  SPECTRA 

o 

F-16  400  HR.  (HI-LO  BLOCKS) 

0 

F-18  300  HR.  (RANDOMIZED) 

0 

F-18  300  HR.  (HI-LO  BLOCKS) 

LOADING  FREQUENCY  AND 

0 

CONSTANT  AMPLITUDE  (0.3  Hz  TO  20  Hz) 

HOLD  TIME 

0 

SPECTRUM  (FAST,  SLOW,  X-SLOW) 

o 

HOLD  TIME  (0  s  TO  2.33  s) 

TEST  SPECIMENS 

0 

UN-NOTCHED  AXIAL  (STRAIN-CONTROL) 

o 

COMPACT  TENSION 

0 

DOG-BONE  WITH  CENTER  HOLE 

FASTENER  HOLE 

0 

OPEN  (W/O  BOLT) 

o 

WITH  BOLT 

BOLT  HOLE  FINISH 

o 

POLISHED 

BOLT  TYPE 

0 

STEEL  PROTRUDING  HEAD  (CAD- PLATED) 

(e.g.,  NAS  6207) 

BOLT  LOAD  TRANSFER 

0 

0%  LT 

0 

20%  LT 

0 

40%  LT 

STRESS  LEVEL 

0 

BASELINE  STRESS 

0 

OTHER 

SPECIMEN  PRECONDITIONING 

0 

NONE 

0 

PRETEST  AND  PRESOAK  IN  3.5%  NaCl 

N ADC-8  312 6-60-VOL.  Ill 


(Lacquer  coating) 

m 

(Lacquer  coating) 

R  »  2.00" 


Strain-Controlled  Specimen 
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TABLE  1  TEST  SPECIMEN  MATRIX  FOR  PHASE  II 


SPECIMEN 

MATERIAL 

NO.  OF  SPECIMEN 

CONFIGURATION 

TYPE 

TASK  4 

TASK  5 

TASK  6 

E 

(=t_ 

S-C 

7075-T7651 

5 

45 

0 

50 

(Fig.  1) 

Ti-6A1-4V 

1 

29 

0 

30 

(Fig.  2) 

CT 

. 

Ti-6A1-4V 

0 

* 

9 

0 

* 

9 

(Fig.  3) 

NLT 

7075-T7651 

23 

90 

0 

113 

0 

(Fig.  3) 

LT 

7  075-T7  651 

2 

3 

46 

51 

z 

31 

176 

46 

253 

NOTES : 


Task  4 
Task  5 

Task  6 

S-C 

CT 

NLT 

LT 


Experimental  Methodology  Development  &  Evaluation 

Acquisition  of  Data  for  Prediction  of  Environ¬ 
mentally-Assisted  Crack  Growth  in  Aircraft  Joints 

Prediction  Methodology  Evaluation  and  Verifi¬ 
cation 

Strain-controlled 
Compact  Tension 

No  Load  Transfer  (through  the  fastener) 

Load  Transfer  (through  the  fastener) 


*  Results  are  documented  and  evaluated  in  Volume  V  [23]. 
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those  cases  where  the  load  was  changing  from  positive  to 
negative.  The  dwell  time  duration  decreased  as  the  loading 
frequency  was  increased.  This  simulation  method  for  the 
spectrum  loading  was  used  to  minimize  the  "hammering”  action 
between  the  clearance-fit  bolt  and  the  fastener  hole. 

2.5  SPECIMEN  PRECONDITIONING 

Specimen  preconditioning  was  used  to  complement  the 
AGARD  program  effort  [16  land  to  further  evaluate  the  effects 
of  preconditioning  on  the  time-to-crack-initiation  and  crack 
growth  in  fastener  holes. 

Selected  dog-bone  specimens  from  Tasks  4  and  5  were 
preconditioned  as  follows: 

1.  One  block  of  the  F-16  400  hour  block  spectrum  was 
applied  to  the  test  specimen  in  lab  air  at  a  maximum  spectrum 
stress  of  28  ksi  (i.e.,  peak  load  in  spectrum  produces  28  ksi 
stress  on  gross  section  of  test  specimen). 

2.  The  specimen  was  then  soaked  in  a  3.5%  NaCl  solution 
at  room  temperature  for  72  hours. 

3.  Specimens  were  then  cleaned  and  dried  using  the 
procedure  described  in  AGARD  report  695  [16]. 


28 
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2.6  LOAD  SPECTRA 


Three  test  spectra  were  used  in  the  Phase  II  testing  of 
7075-T7651  aluminum  alloy  dog-bone  specimens:  (1)  F-16  400 
hour  (hi-lo  block) ,  (2)  F-18  300  (random)  and  (3)  F-18  300 
hour  (hi-lo  block) .  Details  of  these  spectra  are  discussed 
in  Appendix  H  of  this  report  (Vol.  Ill)  and  Volume  IV  [24]  . 
The  three  load  spectra  are  compared  in  Appendix  H,  including 
maximum-minimum  percent  loads  versus  number  of  load  points 


or  load  cycles  and  load  exceedances  for  selected  %  maximum 
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SECTION  III 

EXPERIMENTAL  METHODOLOGY 
DEVELOPMENT  AND  EVALUATION 

3.1  INTRODUCTION 

Experimental  procedures  were  developed  and  verified 
under  Task  4  for  acquiring  data  used  in  Tasks  5  and  6.  Test 
specimen,  environmental  simulation  chambers,  test  procedures, 
stress  and  strain  levels  and  methods  for  acquiring  the  time- 
to-crack-initiation  and  crack  growth  data  were  verified  under 
this  task.  Procedures  were  established  for:  (a)  strain 
controlled  tests,  (b)  no-load  transfer  (dog-bone  specimen) 
tests,  and  (c)  load  transfer  (dog-bone  specimen)  tests. 
These  separate  procedures  will  be  discussed  in  this  section. 

3.2  STRAIN  CONTROLLED  T*jSTS 

Experimental  procedures  were  established  for  obtaining 
strain-controlled  data  in  both  dry  air  and  3.5%  NaCl  environ¬ 
ments.  The  strain-controlled  data  was  needed  to  implement 
the  strain  life  approach  for  making  time- to-crack-initiation 
( TTCI )  predictions  for  mechanically-fastened  joints. 
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Strain  controlled  experimental  procedures  were  developed 
in  three  stages:  (1)  calibrate  strain-controlled  specimen  and 
ram  loading;  (2)  evaluate  environmental  simulation  methods; 
and  (3)  verify  the  time-to-crack  initiation  (TTCI)  acquisi¬ 
tion  method.  Elements  of  the  experimental  methodology 
development  are  described  in  Fig.  9.  Experimental  procedures 
are  described  in  Vol.  IV  [24].  Since  the  same  experimental 
procedures  developed  for  the  aluminum  alloy  worked  equally 
well  for  the  titanium  alloy,  only  one  titanium  specimen  was 
needed  for  Task  4  and  it  was  used  to  conduct  a  strain  survey. 

3.2.1  Calibration  of  Strain-controlled  Specimen 

Strain  surveys  and  strain-controlled  specimen  calibra¬ 
tion  tests  were  conducted  to  experimentally  determine  the 
relationship  between  ram  load,  axial  strain  and  axial  defor¬ 
mations  (over  2.00"  gage  length).  The  test  setup  is  shown  in 
Fig.  10.  Four  axial  strain  gages  and  an  extensometer  were 
mounted  on  the  calibration  specimen  as  shown  in  Fig.  11. 

The  instrumented  specimen  shown  in  Fig.  10  was 
statically  loaded  in  tension  and  compression  using  a  selected 
range  of  loads.  Strain  and  extensometer  measurements  were 
taken  at  selected  load  levels.  Typical  results  are  presented 
in  Appendix  A,  Vol.  IV,  for  the  7075-T7651  aluminum  alloy. 
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CALIBRATE  STRAIN-CONTROLLED  SPECIMEN 


±pr 0 

h  _ 


EVALUM&m8NMEiriAL 


.  Dry  Air 

,  3.57,  NaCl 


Environmental  Chamber 


ESTABLISH  TTCI 
ACQUISITION  METHOD 


.  Eddy  Current 
.  Ultrasonic 
.  Direct  Potential 
.  Acetate  Tape 


EXPERIMENTAL  METHODOLOGY 
FOR 

STRAIN-CONTROLLED  TESTS> 


Fig  -  9  Elements  of  Strain-Controlled  Experimental  Methodology 
Development 
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;  t  rii  i  n-Cont  t  o  1  1  etl 


No  Scale 


Axial  Strain  Gage 


Fig.  11  Strain  Gage  Locations  for  Strain-Controlled 
Specimen 
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Calibration  curves  for  7Q75-T7651  aluminum  alloy  and 
Ti-6A1-4V  alloy,  respectively,  were  used  to  select  exten- 
someter  voltages  to  obtain  a  specified  strain  value  in  the 
Task  5  experiments.  The  shape  of  the  calibration  curves  were 
similar  for  both  beta-annealed  Ti-6A1-4V  and  7075-T7651 
aluminum  alloys. 

3.2.2  Environmental  Simulation 

Two  different  environments  were  considered  in  the  Phase 
II  testing:  dry  air  and  3.5%  NaCl  solution,  both  at  room 
temperature.  Dry  air  conditions  were  simulated  by  placing 
desiccant  crystals  in  the  environmental  chambers  before 
testing.  The  salt  water  solution  for  the  Phase  II  tests  was 
prepared  by  dissolving  reagent  grade  NaCl  in  triply-distilled 
water.  The  average  solution  pH  was  about  6.5  over  the  dura¬ 
tion  of  eacn  test.  All  Phase  II  salt  water  tests  were  per¬ 
formed  in  a  constant  immersion  environment  with  periodic 
changing  of  the  3.5%  NaCl  solution  to  keep  the  solution 
fresh.  The  environmental  chamber  used  for  both  dry  air  and 
3.5%  NaCl  solution  is  shown  in  Fig.  4,  and  further  details 
are  given  in  Volume  IV  [24] . 
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3.2.3  Establishing  TTCI  Acquisition  Methods 


Early  monitoring  of  experimental  methodology  specimens 
was  accomplished  with  eddy  current  techniques.  These  tech¬ 
niques,  used  in  fastener  hole  inspections,  are  described  in 
Volume  I  [22].  For  surface  inspection,  an  eddy  current  pencil 
probe  (NDT  Product  Engineering,  MP-20  micro-probe)  was  used  to 
inspect  for  early  fatigue  cracks  in  the  reduced  section  of  the 
specimen.  Since  scanning  had  to  be  performed  manually  instead 
of  automatically,  there  was  some  loss  of  sensitivity.  This 
monitoring  was  compared  to  crack  detection  as  observed  from 
the  decrease  in  maximum  tensile  load  with  cycling.  The 
decrease  in  the  maximum  tensile  load,  due  to  load  shedding, 
was  found  to  be  more  sensitive  than  eddy  current  techniques 
for  determining  macroscopic  crack  initiation.  Therefore,  the 
load  shedding  technique  was  used  to  determine  the  TTCI  for 
Tests  under  Task  5  (Ref.  Table  4)  for  both  7075-T7651  aluminum 
alloy  and  beta-annealed  Ti-6Al-4V. 


In  the  7075-T7651  aluminum  alloy  material,  after  the 
first  few  cycles,  the  maximum  tensile  stress  remained  rela¬ 
tively  constant  until  a  fatigue  crack  was  initiated.  A 
calibration  curve  was  established  between  the  decrease  in 
maximum  tensile  stress  and  crack  depth.  After  tensile  stress 
decreases  of  different  percentages  were  observed  during 
fatigue  testing,  specimens  were  then  overloaded  in  tension  to 
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failure.  Fatigue  crack  sizes  were  then  measured.  Detailed 
test  results  are  shown  in  Appendix  A  of  Volume  IV  [24]  and 
these  results  are  evaluated  in  Appendix  A  of  this  Volume 
(III)  for  strain-life  analysis  applications.  Cycles  to  crack 
initiation  for  test  specimens  in  Task  5  were  defined  in  terms 
of  cycles  completed  before  a  2%  drop  in  maximum  tensile 
stress  occurred. 


Cyclic  softening  occurred  in  the  beta-annealed 
Ti-6A1-4V  alloy  at  higher  strain  amplitudes.  Both  the 
maximum  tensile  stress  and  compressive  stress  decreased  as  a 
function  of  cycling.  The  percentage  decrease  in  maximum 
compressive  stress  was  used  to  measure  cyclic  softening 
occurrence  and  thus  allows  the  effects  of  "load  shedding" 
and  cyclic  softening  to  be  separated  in  the  measurements  of 
maximum  tensile  stress.  The  onset  of  a  0.010"  deep  fatigue 
crack  was  defined  as  the  number  of  cycles  when  the  maximum 
tensile  stress  showed  a  2%  greater  decrease  than  the  maximum 
compressive  stress. 


3.3  DOG-BONE  SPECIMENS 


Experimental  procedures  were  established  for  obtaining 
TTCI ,  TTF-TTCI ,  and  TTF  data  in  both  dry  air  and  3.5%  NaCl 
environments.  Procedures  were  developed  in  three  stages:  (1) 
develop  test  methods  that  could  be  used  in  spectrum  and  con¬ 
stant  amplitude  testing  in  Tasks  5  and  6,  (2)  evaluate  envir- 
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predictions  under  Phase  II  of  this  program. 

2.  Study  the  influence  of  various  factors  (e.g.,  R 
ratio,  loading  frequency  and  environment)  on  the  Paris  and 
Forman  crack  growth  model  parameters. 

3.  Determine  if  (da/dN)c^  in  the  superposition  model 

proposed  by  Wei  et  al  [27],  Eq.  B-3  in  Appendix  B  of  this 

2 

Volume  (III),  depends  on  (AK)  or  not. 

4.  Details  of  the  studies  described  above,  including 
conclusions  and  recommendations  are  given  in  Appendix  B. 

4.4  DOG  BONE  SPECIMEN  TEST  RESULTS 

Test  results  for  7075-T7651  aluminum  dog  bone  specimens 
(Ref.  Fig.  3)  from  Phase  II  are  summarized  in  Tables  9-13. 
Phase  II  test  results  are  documented  in  Volume  IV  [24].  A 
comprehensive  evaluation  of  the  dog  bone  specimen  test 
results  is  presented  in  Appendices  C  and  D  of  this  Volume 
(III).  The  purpose  of  this  section  is  to  summarize  the  dog 
bone  test  results  acquired  under  Phase  II  and  to  evaluate  the 
implications  of  these  results  for  this  program. 
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is  observed  in  the  3.5%  NaCl  environment.  However,  the 
difference  between  the  3.5%  NaCl  and  dry  air  data  is  quite 
small.  The  effect  of  the  3.5%  NaCl  environment  on  crack 
initiation  is  considerably  less  in  this  alloy  than  in  the 
7075-T7651  aluminum  alloy. 

The  effect  of  test  frequency  on  crack  initiation  in  both 
dry  air  and  3.5%  NaCl  environment  were  examined.  Frequencies 
ranging  from  .5  Hz  to  5.0  Hz  were  used.  Results  indicated 
that  both  the  dry  air  and  3.5%  NaCl  environment  data  was 
strain  rate  dependent.  Accelerated  crack  initiation  was 
observed  at  lower  test  frequencies  in  most  cases. 

4.3  COMPACT  TENSION  TEST  RESULTS 

Compact  tension  tests  for  7075-T7651  aluminum  specimens 
were  performed  under  Phase  I  of  this  program.  These  results, 
documented  in  Volume  I  [221  provide  the  data  base  needed  to 
make  crack  growth  predictions  under  Phase  II. 

A  comprehensive  evaluation  of  the  da/dN  versus  AK 
results  from  Volume  I  [22]  is  documented  in  Appendix  B  of 
this  Volume  (III).  Objectives  of  this  evaluation  were  to: 

1.  Study  both  the  Paris  and  Forman  crack  growth  models 
using  the  applicable  da/dN  versus  AK  data  and  to'  provide 
appropriate  results  needed  to  implement  the  crack  growth 
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Fig.  13  Total  Strain  Amplitude  Versus  2N^  Reversals  to 
Initiation  for  Beta-Annealed  Ti-6A1-4V  in  Both 
Dry  Air  and  3.54  NaCl  Environments 


Fig.  12  Total  Strain  Amplitude  Versus  Reversals 

to  Crack  Initiation  for  7075-T7651  Aluminum 
in  Doth  Dry  Air  and  3.5%  NaCl  Environments 
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crack- imitation  predictions  for  mechanically-fastened  joints 
under  Task  6. 

Strain-controlled  results  for  7075-T7651  aluminum  alloy 

are  presented  in  Appendix  A  for  dry  air/lab  air  and  for  3.5% 

NaCl  environments,  respectively.  Detailed  results  are 

presented  for:  strain  amplitude  (total,  elastic  and  plastic), 

area  under  the  hysteresis  loop,  load  frequency,  and  2N^ 

cycles  to  initiate  a  crack  depth  of  0.010”  in  Appendix  A  of 

Volume  IV  [24] .  A  plot  of  the  total  strain  amplitude  versus 

2N.  reversals  to  crack  initiation  (a  =  0.010")  for 

i  o 

7075-T7651  aluminum  is  shown  in  Figure  12  for  dry  air  and 
3.5%  NaCl  environment.  Accelerated  fatigue  crack  initiation 
was  observed  in  the  3.5%  NaCl  environment  at  both  high  and 
low  strain  amplitudes.  Curves  for  both  dry  air  and  3.5%  NaCl 
have  the  same  general  shape.  No  appreciable  effect  of 
frequency  on  crack  initiation  was  observed  in  this  alloy. 
All  of  the  data  could  be  fitted  to  one  general  curve. 

Strain-controlled  results  for  beta-annealed  Ti-6A1-4V 
are  shown  in  Appendix  B  of  Volume  IV  [24]  for  lab  air,  dry 
air,  and  3.5%  NaCl  solution  environments.  Values  of  total 
strain  amplitude,  load  frequency,  and  2N^  cycles  to  initiate 
a  crack  depth  of  0.010"  are  given.  The  total  strain  ampli¬ 
tude  versus  2N .  reversals  to  crack  initiation  (a  =  0.010") 
i  o 

is  plotted  in  Fig.  13  for  lab  air,  dry  air,  and  3.5%  NaCl 
environments.  Slightly  accelerated  fatigue  crack  initiation 
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SECTION  IV 

EVALUATION  OP  CORROSION 
PATIGUE  TEST  RESULTS 

4.1  INTRODUCTION 

Tasks  5  and  6  were  concerned  with  acquiring  an  experi¬ 
mental  data  base  and  conducting  Corrosion  Fatigue  Methodology 
Verification  tests.  Test  results  for  7075-T7651  aluminum 
for:  strain-controlled  specimens,  and  dog-bone  specimens 

are  presented  in  this  section.  A  comprehensive  evaluation  of 
the  7075-T7651  aluminum  test  results  is  presented  in  Appen¬ 
dices  A-D.  The  effects  and  significance  of  different  test 
variables  on  TTCI,  TTF ,  and  crack  propagation  are  also  dis¬ 
cussed  . 

Titanium  (Beta-annealed  Ti-6A1-4V  alloy)  strain-control¬ 
led  specimen  test  results  are  presented  in  this  section  and 
further  documented  in  Volume  IV  [24]. 

4.2  STRAIN  CONTROLLED  TEST  RESULTS 


Using  the  experimental  procedures  developed  and  evalua¬ 
ted  under  Task  4,  the  required  strain-controlled  data  for 
Task  5  was  obtained.  The  experimental  data  acquired  under 
Task  5  provided  the  information  needed  to  make  time-to- 
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4.  Obtaining  Crack  Growth  Data  -  In  order  for  f ractographic 
data  to  be  obtained  from  spectrum  testing,  distinguishable  markings 
must  be  resolved  on  the  fracture  surfaces.  For  all  three  spectra 
used  (Spectra  "A",  "B",  and  "C")  ,  we  were  able  to  rely  on  fracto- 
graphic  readings  to  obtain  both  TTCI  (time  to  obtain  a  crack  0.010 
inch  depth)  and  crack  growth  rate. 

5.  Initial  Hole  Quality  -  A  sufficient  number  of  fatigue 
tests  (e.g.,  ten  or  more)  should  be  performed  to  account  for  the 
initial  quality  variation  of  fastener  holes  on  fatigue  life.  The 
initial  hole  quality  variation  is  an  important  factor  which  in¬ 
fluences  the  scatter  in  crack  initiation  test  results  for  fastener 
holes  [25,  26,  63,  76,  77].  To  minimize  these  problems, 
fastener  holes  in  this  program  were  polished. 
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case,  the  maximum  compression  load  in  the  three  spectra 
considered  was  approximately  30%  of  the  maximum  positive  load 
in  the  spectrum.  If  significantly  larger  compression  loads 
are  encountered,  the  present  design  might  require  lateral 
support  or  have  to  be  redesigned  to  prevent  specimen  buckling 
in  the  fixture. 

2.  Environmental  Chambers  -  The  plexi-glas  sealed 
chambers  used  for  the  no  load  transfer  testing  were  fairly 
simple  and  caused  no  problems.  The  loading  bar  with  the 
integral  environmental  chamber  was  found  to  insure  the  proper 
load  transfer  desired  in  the  Task  6  tests. 

3.  Bolt-Load-Transfer  Loading  System  -  The  bolt  load 
transfer  loading  system  shown  in  Fig.  7  worked  very  well  for 
this  program.  Since  this  system  introduces  the  load  directly 
to  the  bolt,  the  actual  percentage  of  bolt  load  transfer  can 
be  controlled.  If  the  effects  of  the  bolt  load  transfer  on 
corrosion  fatigue  is  to  be  investigated,  the  percentage  of 
bolt  load  transfer  should  be  carefully  controlled.  Reverse 
double  dog-bone  specimens  have  been  previously  used  to  simu¬ 
late  desired  percentages  of  bolt  load  transfer  and  to  acquire 
crack  initiation  data  in  fastener  holes  [25,26],  Such  speci¬ 
mens  are  fine  for  simulating  variable  bolt  load  transfer 
conditions.  However,  the  actual  percentage  of  bolt  load 
transfer  can  vary  depending  on  the  fastener  type/fit  and 
applied  load  level. 
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3.4.2  Acquisition  of  Crack  Propagation  Data 

1.  Specimen  Design  -  Compact  tension  specimens  used  in 
these  investigations  have  been  in  common  use  at  General 
Dynamics  Fort  Worth  Division.  If  possible,  the  specimen 
should  be  thick  enough  to  assure  plane  strain  conditions. 

2.  Environmental  Chamber  -  The  plexi-glass  sealed 
chamber  has  been  used  extensively  for  environmental  studies 
at  the  General  Dynamics  Fort  Worth  Division  for  several 
years.  Such  chambers  have  worked  very  well  for  enviromental 
simulations . 

3 .  Effects  of  Different  Parameters  on  Crack  Growth  Rate 
-  Normally  the  effects  of  environment,  R-ratio,  loading  fre¬ 
quency,  hold  time,  etc.,  on  crack  growth  need  to  be  investi¬ 
gated  . 

3.4.3  Spectrum  Testing 

1.  Specimen  Design  -  The  dog-bone  specimen  design  shown 
in  Fig.  3  worked  very  well  for  the  tests  performed  under  this 
program.  The  same  specimen  geometry  was  used  for  open  hole, 
bolt-in-hole  (without  load  transfer)  and  bolt  load  transfer 
configurations.  No  specimen  buckling  problems  were  encoun¬ 
tered  with  any  of  the  three  load  spectra  considered.  In  our 
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3.4,1  Acquisition  of  Strain  Life  Initiation  Data 

1.  Specimen  Design  -  Hourglass  specimen  were  success¬ 
fully  used  in  this  program  considering  both  high  and  low 
strain  amplitudes. 

2.  Environmental  Chamber  -  Tygon  tubing  sealed  to  the 
specimen  worked  well.  This  tubing  is  inexpensive  and  easy  to 
use . 


3 .  Determination  of  Crack  Initiation  -  The  load  shed¬ 
ding  technique  is  fairly  sensitive  to  detecting  0.010  inch 
deep  fatigue  crack.  Whether  material  is  cyclic  softening, 
hardening  or  stable  is  important  when  using  this  technique. 

4.  Testing  Reliability  of  Data  -  Whether  test  data  is 
frequency  dependent  or  not  needs  to  be  established  in  obtain¬ 
ing  a  strain-life  curve.  Strain  amplitudes  need  to  be  sel¬ 
ected  in  both  the  high  and  low  strain  amplitudes  region  where 
more  than  one  specimen  can  be  tested  in  order  to  determine 
experimental  scatter. 

5.  Material  Constants  Needed  -  The  material  constants 
required  in  order  to  use  strain-life  data  are  listed  in 
Appendix  A. 


V- 
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3.4  CORROSION  FATIGUE  TESTING  GUIDELINES 

General  guidelines  are  given  in  this  section  for 
acquiring  statistically-valid  corrosion  fatigue  data  needed 
to  implement  the  corrosion  fatigue  analysis  methodology 
evaluated  under  this  program.  As  such,  the  guidelines 
reflect  the  understandings  reached  under  this  program.  Since 
further  research  is  required  to  resolve  some  of  the  questions 
raised  under  this  program,  the  following  recommendations 
should  be  used  in  the  context  under  which  they  were 
developed. 

The  number  of  test  replications  needed  to  acquire  the 
data  base  for  implementing  the  CF  analysis  methodology 
depends  on  several  factors.  For  example,  one  should  con¬ 
sider:  (1)  the  desired  confidence  level,  (2)  whether-or-not 
the  main  interest  is  in  the  mean  value,  the  exteme  values  or 
both,  (3)  whether-or-not  the  distribution  of  values  is 
desired,  (4)  the  complexity  of  the  test  conditions  and  how 
well  the  controlling  factors  are  understood,  (5)  initial  hole 
quality  variations  and  specimen  replications,  and  (6)  the 
material  to  be  used. 
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the  bolt  through  the  loading  bar  and  ennvironmental  chamber 
was  removed  to  make  eddy  current  measurements. 

The  eddy  current  technique,  described  in  Volume  I  [22] 
provided  backup  information  on  the  TTCI  for  the  spectrum 
fatigue  tests.  This  technique  was  used  to  complement  the 
fractography  -  particularly  for  those  tests  when  the  3.5% 
NaCl  environment  might  affect  the  fatigue  markings  on  the 
fracture  surface. 

3.3. 3. 2  Fractography 

Fractographic  measurements  were  made  on  all  coupons 
exposed  to  spectrum  tests.  Readings  were  made  to  as  small  a 
crack  size  as  possible.  In  come  cases,  fractographic 
measurements  could  not  be  traced  to  the  desired  minimum  crack 
size  due  to  poor  surface  markings  for  the  smaller  crack 
sizes.  Crack  sizes  versus  time  measurements  and  other  per¬ 
tinent  details  were  recorded  on  fractographic  data  sheets. 
This  included,  in  most  cases,  a  photograph  of  the  fracture 
surface,  specimen  dimensions,  crack  origins,  peculiarities, 
number  of  load  points  at  failure,  etc.  These  fractographic 
data  sheets  are  contained  in  the  Vol.  IV  report,  Appendices 
D,  E  and  F. 
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ered:  (1)  F  =  fast  (8000  flight  hours/2  days),  (2)  S  =  slow 
(8000  flight  hours/16  days),  and  (3)  M  =  medium  (8000  flight 
hours/8  days),  and  (4)  s  =  extra  slow  (8000  flight  hours/90 
days . 


3.3.2  Evaluation  of  Environmental  Simulation  Methods 


Environmental  chambers  used  for  the  dog-bone  tests  are 
shown  in  Figs.  6  and  8.  Both  dry  air  and  3.5%  NaCl  solution 
environments  were  used.  Methods  used  in  obtaining  these 
conditions  were  identical  to  those  used  in  the  strain-con¬ 
trolled  experiments. 


3.3.3  Establishing  Crack  Growth  Monitoring  Methods 


3. 3. 3.1  Eddv  Current  Techniaues 


Eddy  current  measurements  were  periodically  made  in  the 
center  hole  of  the  test  specimen  for  all  constant  amplitude 
tests.  Spot  check  measurements  were  also  made  during  the 
spectrum  fatigue  tests  to  determine  the  time  to  initiate  a 
crack  size  of  0.01"  in  the  fastener  hole.  The  eddy  current 
probe  was  inserted  directly  into  the  fastener  hole  without 
disassemblying  the  environmental  chamber.  For  the  no-load 
transfer  tests  the  cork  in  the  hole  at  the  side  of  the 
environmental  chamber  was  removed  to  make  eddy  current 
measurements.  In  the  case  of  the  bolt  load  transfer  tests. 
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onraental  simulation  methods,  and  (3)  verify  crack  growth 
measurement  techniques  for  both  constant  amplitude  and  spec¬ 
trum  testing.  Task  4  corrosion  fatigue  test  results  for 
dog-bone  specimens  are  documented  in  Appendix  D  of  Volume  IV 
[24]  . 

3.3.1  Test  Procedures 

Testing  procedures  established  in  Task  IV  included 
stress  levels  and  test  frequency.  Maximum  stress  levels 
using  Spectrum  "A"  (F-16  400  hr.  block  spectrum)  varied  from 
28  ksi  to  34  ksi.  From  these  studies  a  maximum  stress  level 
of  28  ksi  was  selected  for  all  spectrum  tests  conducted  in 
Tasks  5  and  6.  This  stress  level  achieved  crack  initiation 
and  time-to-failure  in  desired  test  time  ranges. 

The  maximum  positive  load  in  spectrum  "A"  (F-16  400  hour 
block  spectrum),  100%  load  level,  was  scaled  to  a  test  load 
that  would  produce  the  desired  gross  stress  on  the  specimen 
cross  section.  All  other  loads,  positive  and  negative,  were 
"scaled"  to  the  100%  load  level. 

Fatigue  loading  frequencies  for  spectrum  "A"  were 
selected  such  that  the  spectrum  loads  corresponding  to  8000 
equivalent  flight  hours  could  be  applied  to  the  respective 
tests  specimen  in  a  selected  number  of  days  (24  hours  a  day 
continuous  testing) .  Four  loading  frequencies  were  consid- 
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Table  9  Constant  Amplitude  Stress-Controlled  Test  Results 
for  Preconditioned  Dog-Bone  Specimens  in  Both  Dry 
Air  and  3.5%  NaCl  Environments  (7Q75-T7651  Aluminum; 
R=0 . 05 ;  Freq.  =  6HZ ;  Open  Hole) 


SPECIMEN 

A<r 

N. 

ENVIRONMENT 

NO. 

(ksi) 

(eye  les ) 

(cycles) 

200 

L6.5 

92,827 

70,000 

Dry  Air 

204 

15.0 

85,720 

52,000 

Dry  Air 

202 

14.0 

99,389 

70.000 

Dry  Air 

199 

14.0 

38.202 

25,000 

3.57.  NaCl 

203 

13 . 0 

44,409 

26,000 

3.57.  NaCl 

205 

12.0 

167,539 

95,000 

3.57.  NaCl 

206 

12.0 

80,887 

40,000 

3.57.  NaCl 
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Notes  for  Table  11 

(a)  Testing  anomaly 

(b)  Ref.  Table  S  for  description  code 

(c)  Linear  extrapolation  from  two  smallest  consecutive 
crack  sizes  from  f ractographic  data  sheet 

(d)  Extrapolation  based  on  power  law  (Eqs.  1  and  3) 

(e)  Fractography  not  read  for  this  specimen  for  various 
reasons  (e.g.,  testing  anomaly,  not  28  ksi  baseline 
stress  surface  crack  away  from  hole) . 

(f)  Fatigue  crack  origins:  B  »  bore  of  hole,  C  *  corner  of 
hole  and  S  =  surface  crack  away  from  hole. 

(g)  Time  to  initiate  crack  depth  of  0.010"  in  fastener 
hole  (determined  from  f ractographic  results). 

(h)  Time- to- failure 

(i)  Time  spent  in  crack  growth 
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Table  12  Suauary  of  Dog-Bone  Specimen  Spectrum  Fatigue  Test  Results 
for  Task  5  (7075-T7651  Aluminum)  (Continued) 
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Table  12  Summary  of  Dog-Bone  Speciaen  Spectrum  Fatigue  Teat  Reaults 
for  Task  5  (7075-T7651  Aluminum)  (Continued) 
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Table  13  Suaaary  of  Oog-Bone  Spec laen  Fatigue  Test 
Results  for  Task  6  (707S-T76S1  Alualnua) 
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Notes  For  Table  13 


(a)  Ref.  Table  8  for  description  code 

(b)  Fatigue  Crack  Origins:  B  =  bore  of  hole,  C  =  Corner 
of  hole  and  S  =  surface  crack  away  from  hole 

(c)  Time  to  initiate  crack  depth  of  0.010"  in  fastener 
hole  (determined  from  f ractographic  results) 

(d)  Time-to-failure 

(e)  Time  spent  in  crack  growth 

(f)  Extrapolation  based  on  power  law 

(g)  Linear  extrapolation  from  two  smallest  consecutive 
crack  sizes  from  f ractographic  data  sheet 

(h)  Diameter  measurement  not  recorded 
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4.4.1  Constant  Amplitude  Test  Results 

Constant  amplitude  test  results  for  open  hole  dog  bone 
specimens  are  shown  in  Table  9.  Specimens  were 
preconditioned  as  described  in  Section  III  and  both  dry  air 
and  3.5%  NaCl  environments  were  considered.  In  Table  9,  the 
number  of  cycles  to  initiate  a  crack  depth  of  0.010"  ( N^ )  and 
the  number  of  cycles  to  failure  (N^)  are  shown. 

Twenty  and  40%  bolt  load  transfer  specimen  configura¬ 
tions  (Ref.  Fig.  3)  were  also  fatigue  tested  using  a  constant 
amplitude  loading.  The  amount  of  load  transferred  through 
the  bolt  is  expressed  as  a  percentage  of  the  total  applied 
load  to  the  dog  bone  specimen.  Test  results  are  shown  in 
Table  10  for  both  dry  air  and  3.5%  NaCl  environments. 

4.4.2  Spectrum  Fatigue  Test  Results 

Spectrum  fatigue  test  results  are  shown  in  Table  11,  12 
and  13  for  Tasks  4,  5  and  6,  respectively.  Test  results  are 
evaluated  in  Appendices  C  and  D  and  the  effects  of  related 
test  variables  on  TTCI,  TTF  and  crack  propagation  are  dis¬ 
cussed  in  Section  4.5. 
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4.5  EVALUATE  EFFECTS  OF  TEST  VARIABLES  ON 
TTCI /  TFCG  AND  TTF 

The  effects  of  key  test  variables  on  TTCI,  TFCG  and  TTF 
for  7075-T7651  aluminum  dog-bone  specimens  were  evaluated  in 
Appendices  C  and  D.  A  summary  of  this  evaluation  is  given 
below  for  seven  (7)  different  test  variables.  These  conclu¬ 
sions  should  be  considered  in  the  context  of  the  test  results 
acquired  under  the  present  program  for  7075-T7651  aluminum. 

1.  Test  Frequency  -  There  was  no  significant  influence 

of  test  frequency  on  TTCI,  ( aQ  =  0.01"),  TFCG  or  TTF  attribut¬ 
able  to  the  dry  air  or  3.5%  NaCl  environments  for  either  load 
spectra  "A"  OR  "B".  These  conclusions  are  based  on  tests 
results  for  dog-bone  specimens  with  and  without  a  bolt  in  the 
hole  and  small  sample  significance  tests  for  differences  in 
the  mean.  Three  test  frequencies  were  considered:  (1)  F  = 
fast  3  8000  flight  hours/2  days,  (2)  S  =  slow  »  8000  flight 
hours/16  days,  and  (3)  s  =  extra  slow  =  8000  flight  hours/90 
days.  The  extra  slow  frequency  (s)  was  considered  only  for 
the  3.5%  NaCl  environment. 

2.  Environment  -  The  presence  of  a  wet  environment 
(3.5%  NaCl  solution)  reduced  TTCI,  TFCG  and  TTF  for  all  three 
load  spectra  (i.e.,  "A",  "B"  and  "C").  The  amount  of  reduc¬ 
tion  is  consistent  with  the  influence  of  environment  on  these 
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quantities  under  constant  amplitude  conditions.  The  dry/wet 
ratios  for  TTCI  (aQ  =  0.01"),  TFCG  and  TTF  lives  indicate 
that  the  effects  of  environment  on  these  quantities  can  be 
"scaled"  for  the  7075-T7651  aluminum  alloy. 

3.  Load  Spectra  -  The  type  and  severity  of  the  load  spectra 
can  have  a  significant  effect  on  the  TTCI,  TFCG  and  TTF  in 
mechanically-fastened  joints.  For  example,  the  corrosion  fatigue 
test  results  for  the  two  block-type  spectra  (i.e.,  spectra  "A" 
and  "  c")  exhibited  noticeable  crack  retardation  behavior;  whereas, 
the  random-type  spectrum  (i.e.,  "B")  had  a  much  smaller  effect  on 
crack  retardation.  For  ductile  material,  such  as  7075-T7651 
aluminum  used  in  this  program,  fatigue  cracks  tend  to  close  under 
compression  loading.  With  crack  closure  the  material  doesn't  re¬ 
cognize  the  presence  of  a  crack.  Current  state-of-the-art  load 
retardation  models  are  inadequate  for  handling  the  effects  of 
compressive  loads  on  spectrum  crack  growth  analyses  for  all  load 
spectra.  This  issue  remains  and  needs  to  be  resolved.  As  far  as 
the  environment  effect  is  concerned  there  is  no  additional  enhance¬ 
ment  in  crack  growth  as  a  result  of  compressive  loading  cycles. 

4.  Bolt-In-Hole  -  A  clearance- f it  bolt  in  the  fastener 
hole  improved  the  crack  initiation  life  (TTCI;  aQ=  0.01")  for 
the  dry  air  environment,  and  produced  no  net  effect  on  TTCI 
for  the  wet  environment  (3.5%  NaCl  solution).  There  was  no 
significant  influence  on  the  TFCG.  The  absence  of  a  signi- 
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ficant  influence  on  TTCI  in  the  wet  environment  is  believed 
to  result  from  the  combined  effects  of  the  presence  of  the 
bolt  (which  improved  life)  and  the  environment  (which  reduced 
life) .  The  latter  effect  may  be  further  enhanced  by  galvanic 
action  between  the  steel  bolt  and  the  aluminum  specimen.  The 
amount  of  hole  restraint  provided  by  the  bolt  in  the  hole 
varies  depending  on  the  fastener-hole  clearances,  the  magni¬ 
tude  of  the  load  applied  to  the  specimen  and  the  degree  of 
bolt  torque. 


5.  Bolt  Load  Transfer  -  Test  specimens  with  20%  and  40%  bolt 
load  transfer  typically  had  shorter  fatigue  lives  than  those  with 
no  load  transfer  for  both  spectra  "A"  and  "B".  Load  transfer  is 
one  of  several  competing  factors  (e.g.,  fastener-hole  clearance, 
surface  residual  stress  variation  in  bore  of  hole,  fretting,  bolt 
torque,  etc.)  influencing  the  fatigue  life  of  a  mechanically 
fastened  joint.  Because  the  effects  of  such  competing  factors 
are  buried  in  the  test  results,  the  individual  contributions  to 
fatigue  life  could  not  be  properly  resolved  within  the  context  of 
this  program. 

6.  Preconditioning  -  Specimen  preconditioning  (i.e., 
exposure  to  the  3.5%  NaCl  environment  for  72  hours  following 
one  300  or  400  hour  block  of  fatigue  loading)  significantly 
reduced  the  TTCI  ( aQ  =  0.01")  but  it  had  a  negligible  effect 
on  the  crack  propagation  ( TFCG ) .  The  deleterious  effect  is 
believed  to  result  from  surface  damage  produced  by  fatigue 
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assisted  corrosion  (e.g.,  pitting).  The  irregular  nature  of 
this  damage  is  reflected  in  the  considerable  scatter  in  TTCI 
and  the  overall  fatigue  lives  ( TTF )  of  preconditioned  speci¬ 
mens  . 

7.  Stress  Level  -  A  limited  number  of  corrosion  fatigue 
tests  were  performed  using  different  stress  levels  (i.e.,  28, 
30,  32  and  34  ksi)  and  spectrum  "A"  under  Task  4  (Ref.  Table 
11)  to  establish  a  baseline  stress  level  for  Tasks  5  and  6 
(i.e.,  28  ksi).  Bar  graph  plots  for  selected  data  sets  are 
shown  in  Fig.  016  of  Appendix  C.  Based  on  these  limited 
results,  it  is  concluded  that:  (1)  increasing  the  stress 
level  reduces  the  fatigue  life  (TTF)  and  (2)  there  was  no 
significant  effect  of  loading  frequency  on  the  average  TTF 
tor  applicable  data  sets  with  the  same  stress  levels. 


AD-A160  378 

UNCLASSIFIE 

DEVELOPMENTS  FATIGUE  AND  CRACh 
ANALYSIS  METHODOL  (U)  GENERAL 
FORT  WORTH  DIV  S  D  MANNING  ET 
NADC-83126-60-VOL-3  N62269-81-C- 

PROPAGATION  DESIGN  ANI 
WNAMICS  FORT  NORTH  TX 
\L.  OCT  84 

-0268  F/G  ii/6 

2/4  ^ 

NL 

r 

■ 

a 

■ 

■ 

NADC  -  83126-60  -  VOL  III 


SECTION  V 

CORROSION  FATIGUE  ANALYSIS  METHODOLOGY  FOR 
MECHANICALLY  -  FASTENED  JOINTS  AND  EVALUATIONS 

5.1  INTRODUCTION 

The  purpose  of  this  section  is  to:  (1)  describe  a  corrosion 
fatigue  (CF)  analysis  methodology,  rationale,  and  procedures  for 
applications  to  mechanically  -  fastened  joints,  (2)  describe 
recommended  experimental  test/data  requirements  and  guidelines 
for  implementing  the  methodology,  (3)  evaluate  and  discuss  CF 
analysis  predictions  and  correlations  for  7075-T7651  aluminum  and 
(4)  discuss  the  applicability  of  the  CF  methodplogy  to  other 
aluminum  alloys. 

The  "CF  Methodology"  includes  the  strain  life  approach 
[e.g.,  28  -  51]  for  predicting  crack  initiation  and  the  fracture 

mechanics  approach  [e.g.,  93]  for  predicting  crack  propagation. 
Since  these  approaches  and  practices  are  documented  elsewhere, 
only  the  essential  features  will  be  considered  herein. 
References  will  be  cited  where  further  details  are  given.  The 
recommended  framework  and  guidelines  for  performing  CF  analysis 
and  requisite  tests  will  be  emphasized.  The  "CF  Analysis 
Methodology"  is  divided  into  modules  or  basic  building  blocks 
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(e.g.,  crack  growth  and  load  -  interaction  models)  in  the  overall 
framework. 


5.2  CORROSION  FATIGUE  ANALYSIS  APPROACH  AND  RATIONALE 

The  CF  analysis  methodology  described  and  discussed  herein 
is  recommended  for  7000  series  aluminum  alloys  in  the  over  -  aged 
condition.  Special  considerations  are  needed  in  applying  this 
methodology  for  these  alloys  in  the  peak-aged  condition.  There 
are  many  aspects  of  the  CF  analysis  methodology.  One  of  the  most 
important  considerations  is:  there  is  no  significant  synergistic 
effect  between  the  mechanical  loading  and  the  environment  on  CF 
crack  initiation  and  CF  crack  propagation  for  7000  series 
aluminum  alloys  in  the  over  -  aged  condition.  This  conclusion 
has  several  important  implications  for  the  CF  analysis 
methodology  recommended  herein.  Both  the  mechanical-loading  and 
the  environment  affect  the  crack  initiation  and  crack  growth 
rates  of  7075-T7651  aluminum.  Although  they  both  contribute  to 
the  CF  behaviour,  each  contribution  can  be  treated  separately. 
Thus,  the  effects  of  the  environment  on  CF  crack  initiation  and 
crack  propagation  can  be  '’scaled”  in  the  CF  analysis.  This  means 
that  the  effects  of  the  environment  on  crack  initiation  can  be 
accounted  for  in  the  strain  life  allowables  used  in  the  strain 
life  analysis.  By  the  same  token,  the  effects  of  the  environment 
on  crack  propagation,  can  be  accounted  for  in  the  da/dN  versus  AK 
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data  used  in  the  crack  growth  computer  program  [e.g.,  66,67]. 
This  greatly  simplifies  the  CF  analysis  methodology  because 
special  models  are  not  required  for  crack  growth, 
load-interaction  or  %  bolt  load  transfer  to  account  for  the 
effects  of  environment  on  CF  crack  initiation  and  CF  crack 
propagation. 

There  is  no  additional  enhancement  in  crack  growth  due  to 
the  environment  effect  as  a  result  of  compression  loading  cycles. 
For  a  ductile  aluminum  alloy,  such  as  we  considered  under  this 
program  (i.e.,  7075-T7651) ,  the  fatigue  crack  tends  to  close 
under  compressive  loading.  Because  of  this  phenomena,  there  is 
uncertainty  about  handling  the  effects  of  compressive  loads  in 
spectrum  crack  growth  analyses. 

This  program  was  not  charged  with  developing  new  crack 
growth  or  load- interaction  models  for  CF  analysis  applications. 
Several  different  models  have  been  proposed  and  an  appropriate 
model  is  required  to  implement  the  CF  analysis  methodology. 
Unfortunately,  state-of-the-art  load  interaction  models  need  to 
be  further  advanced  to:  (1)  properly  handle  both  tension  and 
compression  load  cycles  and  (2)  obtain  a  model  applicable  to 
different  load  spectra  and  ideally  a  model  that  can  be  calibrated 
using  basic  material  data. 


e  n 
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A  conceptual  description  of  the  CF  analysis  approach  is 
described  in  Fig.  14.  The  total  corrosion  fatigue  life  of 
mechanically  fastened  joints  is  divided  into  two  parts:  (1) 
time-to-crack-initiation(TTCI)  and  (2)  time-for-crack-growth 
(TFCG) .  Each  part  is  briefly  discribed  below  and  further  details 
are  given  later.  A  general  procedure  is  emphasized. 

Essential  elements  of  the  approach  for  predicting  corrosion 
fatigue  crack  initiation  in  fastener  holes  includes:  (1)  strain 
life  approach  [e.g.,  28  -51],  (2)  strain-controlled  tests  for 
acquiring  strain  life  crack  initiation  data  for  the  baseline  and 
selected  environment,  (3)  dog-bone  specimen  tests  for  baseline 
geometry,  environment,  stress  level  and  loading  spectrum,  (4) 
relationship  for  effective  stress  concentration  factor  versus 
TTCI  based  on  the  strain  life  analysis  results  for  a  given  load 
spectrum  and  stress  level,  (5)  determine  a  baseline  effective 
stress  concentration  factor  by  calibrating  the  strain  life 
analysis  to  dog  bone  specimen  test  results  for  a  baseline 
geometry,  environment,  load  spectrum  and  stress  level,  (6)  modify 
the  baseline  effective  stress  concentration  factor  to  account  for 
the  effects  of  hole  geometry,  %  bolt  load  transfer  and  stress 
level,  and  (7)  predict  TTCI  using  the  effective  stress 
concentration  factor  versus  TTCI  relationship. 
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Strain  controlled  tests  for  smooth,  un-notched  hour-glass 

specimens  (e.g.,  Fig.l)  for  both  dry  air  and  3.5%  Nacl 

environments  are  performed  to  obtain  strain  life  allowables.  aQ 

is  the  reference  crack  size  for  TTCI  and  the  initial  flaw  size 

for  the  CF  crack  propagation  analysis.  Hence,  the  aQ  value 

selected  should  be  large  enough  to  justify  using  linear  elastic 

fracture  mechanics  (LEFM)  principles.  A  universally  accepted 

limiting  flaw  size  for  LEFM  has  not  been  established.  However, 

a  >  0.01"  is  considered  reasonable, 
o  — 

Strain  life  allowable  curves  are  developed  based  on  average 
test  results.  Upper  and  lower  bound  strain  life  allowables  can 
be  estimated  for  selected  probabilities  (ref.  Appendix  A) . 
Extreme  value  predictions  for  TTCI  can  be  estimated  using 
the  strain  life  analysis  and  upper  and  lower  bound  allowables. 

Results  of  the  CF  crack  initiation  analysis  (i.e.,  TTCI) 
provide  the  starting  point  for  the  CF  crack  growth  analysis 
(i.e.,  TFCG) .  The  predicted  time-to-failure  (TTF)  is  equal  to 
TTCI  +  TFCG.  Predictions  for  TTCI,  TFCG  and  TTF  can  be  obtained 
for  the  average  or  estimated  for  selected  probabilities. 

Essential  elements  of  the  CF  methodology  for  predicting  the 
time-for-crack-growth  (TFCG)  are:  (1)  a  suitable  deterministic 
crack  growth  analysis  computer  program  based  on  state-of-the-art 
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fracture  mechanics  principles  [e.g.,  66,67],  (2)  da/dN  versus  hK 
data  for  the  desired  material  for  the  baseline  (e.g.,  dry  air) 
and  selected  environment  (e.g.,  3.5%  NaCl) ,  (3)  suitable  crack 
growth  and  load- interaction  models  and  spectrum  load  cycle 
counting  scheme,  and  (4)  means  for  accounting  for  the  effects  of 
%  bolt  load  transfer  in  the  crack  growth  analysis.  Also,  it  is 
recommended  that  dog  bone  specimens  with  a  preflawed  center  hole 
be  fatigue  tested  under  spectrum  loading  to  acquire  "baseline 
data"  for  calibrating  the  applicable  load-interaction  model 
parameters  for  a  baseline  environment  (i.e.,  dry  air),  load 
spectrum  and  stress  levels.  Ideally,  the  load- interaction  model 
parameters  should  be  basic  material  properties  which  are 
independent  of  the  environment,  load  spectrum,  stress  level,  hole 
geometry,  %  bolt  load  transfer,  etc. 
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5.3  CORROSION  FATIGUE  CRACK  INITIATION  METHODOLOGY 

Essential  elements  of  the  CF  crack  initiation  method¬ 
ology  are  described  in  Fig.  15.  Details  of  the  methodology 
are  documented  in  this  section. 

5.3.1  General  Procedure 

The  general  procedure  for  implementing  the  CF  crack 
initiation  methodology  is  described  and  discussed  below. 

1.  Use  the  strain  life  analysis  computer  program 
(BROSE)  and  applicable  strain  life  materials  data  to  make 
TTCI  ( aQ  =  0.01")  predictions  for  a  given  load  spectrum.  Do 
analysis  for  different  assumed  effective  Kt  values. 

2.  Determine  suitable  relationships  for  effective  '<t 
as  a  function  of  TTCI  for  both  dry  air  and  3.5%  NaCl  environ¬ 
ments  using  results  from  step  1.  Such  relationships  can  be 
determined  graphically  or  empirically.  A  simple  power  law, 
such  as  Eq.  1,  may  be  suitable. 

Effective  Kt  =  A(TTCI)8  (1) 

In  Eq.  1,  A  and  B  are  empirical  constants.  The  effective  Kt 
versus  TTCI  can  also  be  determined  directly  by  plotting  the 
results  of  the  strain  life  analysis. 
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3.  Scale  the  strain  life  analysis  in  step  1  using 
dog-bone  specimen  tests  results  for  the  open  hole  configura¬ 
tion.  This  involves  determining  an  effective  Kfc,  denoted  as 
K  ( 0 )  ,  by  scaling  the  strain  life  analysis  and  average  TTCI 
( aQ  =  0.01")  test  results  for  the  open  hole  case.  Kt(0)  is 
the  baseline  for  making  TTCI  predictions  for  other  design 
conditions  (e.g.,  bolt  load  transfer,  load  spectra  and  stress 
level )  . 

4.  To  account  for  the  effects  of  bolt  load  transfer  in 
the  strain  life  analysis  predictions  for  TTCI,  the  baseline 
effective  Kt(0)  is  modified  using  the  applicable  elastic  or 
plastic  stress  concentration  factor  [74]  for  an  open  hole 
(  Kg-(  0  )  )  and  for  a  hole  with  a  given  amount  of  bolt  load 
transfer  (K0-(LT).  A  rigorous  notch  strain  analysis  can  be 
performed  to  determine  Kg-<0)  and  Kg-(LT)  (e.g.,  finite  element 
approach).  A  simple  superposition  model,  based  on  the  total 
maximum  stress  (elastic)  at  the  edge  of  the  hole  and  the 
applicable  stress-strain  relationship,  was  used  in  this 
report  to  estimate  both  K^O)  and  Kcr(LT)  values.  Whatever 
method  is  used  to  determine  Kq-(0)  and  K<j-(LT),  the  effective 
Kfc  for  a  given  bolt  load  transfer,  denoted  by  Kt(LT),  can  be 
estimated  using  Eq.  2. 

Effective  K  (LT)  =  K  (0)  *  LT ) /K0-(  0  )  (2) 
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5.  TTC I  predictions  for  different  stress  levels,  %  bolt 

load  transfer  and  load  spectra  are  obtained  as  follows.  K^tO) 
and  K<j-(LT)  are  determined  for  the  applicable  peak  stress 

in  the  load  spectrum.  These  results  and  Kt(Q)  are  used  in 

Eq.  2  to  estimate  the  effective  K  (LT).  Finally,  the  TTCI 
prediction  is  obtained  using  the  applicable  effective  "k  (LT) 
and  the  strain  life  analysis  program. 

6.  Once  the  Kt(0)  and  Kfc(LT)  values  have  been  deter¬ 

mined,  the  TTCI  predictions  for  a  given  load  spectra,  %  bolt 
load  transfer  and  stress  level  can  be  determined  in  one  of 
two  ways:  (1)  Use  the  strain  life  analysis  computer  program 

and  the  applicable  Kt(0)  and  Kfc(LT)  values  to  predict  TTCI 

directly,  or  (2)  use  the  effective  relationship  (e.g.,  Eq. 

1  where  K t ( 0 )  or  Kfc(LT)  equals  Kfc)  based  on  the  strain  life 
analysis  results  for  different  assumed  Kt  values  to  predict 
TTCI  values. 

5.3.2  Strain  Life  Analysis 

A  strain  life  analysis  computer  program  is  needed  to 
implement  the  strain  life  approach  [e.g.,  28-51].  Strain 

life  allowables  (dry  and  wet)  for  a  given  crack  initiation 
reference  crack  size  ( ag )  are  developed  from  total  strain 
amplitude  versus  2N^  plots  (Ref.  Fig.  15;  Frame  B  and  D).  A 
cycle  counting  method  (e.g.,  rainflow)  is  needed  to  transform 
a  random  spectrum  into  fatigue-  .quivalent  constant  amplitude  load 
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cycles.  The  cumulative  damage  is  determined  using  a  notch 
strain  analysis  (e.g.,  Neuber's  rule,  Seeger/Heuler) ,  the 
equivalent  constant  amplitude  load  cycles  and  the  applicable 
strain  life  allowables  for  a  given  a^ .  The  predicted  time- 
to-crack-initiation  (TTCI)  is  determined  from  the  cumulative 
damage . 

A  computer  program  has  been  developed  for  implementing 
the  strain  life  analysis  described  above.  This  program, 
referred  to  as  "BROSE" ,  is  briefly  described  in  Appendix  E 
and  details  are  given  in  Ref.  45. 

The  procedures  for  determining  the  cyclic  stress-strain 
relationship  and  the  strain  life  allowables  (i.e.,  Coffin- 
Manson  plots)  are  described  and  illustrated  in  Appendix  A. 

Strain  Life  analysis  details,  including  results  for  TTCI 
predictions,  and  typical  computer  output  from  Program  "3RCSE" 
ara  given  in  Appendix  ? . 

5.3.3-  Effective  K  Versus  TTCI  Relationship 

An  effective  versus  TTCI  relationship  for  a  given 
load  spectrum  and  maximum  stress  level  provides  a  convenient 
means  for  "scaling"  the  strain  life  analysis  using  dog  bone 
specimen  test  results.  A  relationship  between  the  effective 
stress  concentration  factor,  Kt,  at  the  edge  of  a  fastener 
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data  (dry  air)  for  replicate  dog  bone  specimens  with  a 
preflawed  center  hole  may  not  be  available  to  tune  the  crack 
growth  analysis.  In  this  case  the  following  options  are 

reasonable : 

(1)  tune  the  load  interaction  model  parameters  using 
spectrum  crack  propagation  data  (dry  air)  based  on 
replicate  dog-bone  specimens  with  no  intentional 
preflaw  in  the  center  hole  (i.e.,  Normalize  the 
crack  propogation  results  to  the  same  initial  flaw 
size)  or 

(2)  use  available  or  suitable  retardation  model 
parameters  in  the  CF  crack  growth  analysis.  Use 
da/dN  versus  4K  data  for  the  applicable  environment 
and  a  suitable  crack  growth  model  which  accounts  for 
the  effect  of  R-ratio. 

5.4.2  Crack  Growth  Analysis  Program 

A  general  purpose  analytical  crack  growth  computer 
program  is  needed  to  implement  the  CF  crack  propogation 
methodology  for  mechan ica 1 ly- f as tened  joints.  Essential 
features  of  the  required  computer  program  are  described  in 
step  4  of  Section  5.4.1  and  in  Fig.  18,  Frame  C. 
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5.  Acquire  spectrum  crack  growth  data  using  replicate 
dog-bone  specimens  with  an  open  center  hole  (ref.  Fig.  18, 


Frame  B ) 

.  Each 

hole 

in  the 

test 

specimen  should  have 

pre  flawed 

corner 

crack 

on  one 

s  ide 

of  the  hole  (e.g.,  aQ 

0.01").  Tests  should  be  performed  using  a  baseline  geometry, 
environment  (e.g.,  dry  air),  loading  spectrum,  and  stress 
level.  The  main  purpose  of  these  tests  is  to  acquire  spectrum 
crack  growth  data  that  can  be  used  to  "tune  on  scale"  the 
crack  growth  analysis.  Tuning  is  a  practical  way  to  calibrate 
the  load- interact  ion  model  parameters  until  general-purpose 
mechanistic-based  models  have  been  developed  which  apply  to 
any  load  specturm. 

6.  Tune  or  scale  the  crack  growth  analysis  or 
load- interaction  model  using  the  spectrum  crack  growth  data 
(ref.  Fig.  18,  Frame  B).  Suitable  load- i n te rac t ion  model 
parameters  can  be  determined  for  a  baseline  geometry  (open 
hole),  environment  (dry  air),  load  spectrum  and  stress  level 
using  a  trail  and  error  procedure.  A  suitable  analytical 
crack  growth  program  (e.g.,  " RXN" ,  Ref.  67)  is  used  to  match 
the  average  crack  growth  test  results  for  dog-bone  specimens. 

7.  Make  CF  crack  growth  predictions  for  selected 
geometry,  stress  level,  load  spectrum,  enviornment  and  %  bolt 
load  transfer  using  the  calibrated  1 oad- i n t e r ac t  i  on  model 
parameters  determined  in  step  6  for  the  baseline  case  (i.e.g 
open  hold,  dry  air,  corner  flaw).  Spectrum  crack  propagation 


NADC-83126-60-Vol .  Ill 


3.  Select  a  suitable  load- i n te rac t ion  model  to  use. 

Principal  yield-zone  and  crack  closure  models  are  listed  in 
Fig.  18,  Frame  C  and  details  for  each  model  are  given  elsewhere 
[96  -  114].  Whatever  load- i nte rac t ion  model  is  used,  it 

should  account  for  the  effects  of  tension  and  compression 
loads,  and  load  sequence,  on  crack  growth.  Ideally,  the 
calibrated  model  should  apply  to  any  load  spectra,  geometry, 
stress  level  or  bolt  load  transfer  and  should  be  independent 
of  the  environment.  There  is  no  additional  enhancement  in 
crack  growth  due  to  the  envioronment  effect  as  a  result  of 
compression  loading  cycles  for  the  7075-T7651  aluminum  alloy 
considered  under  this  program. 

4.  Select  an  analytical  crack  growth  computer  program 

for  performing  the  crack  growth  predictions.  The 

general-purpose  program  should  incorporate  the  following 
feature  and  options: 

(1)  Crack  growth  model(s)  which  account  for  R-ratio, 

(2)  Cycle  counting  methods, 

(3)  load- interact  ion  model, 

(4)  stress  intensity  factor  which  accounts  for  different 
flaw  shapes/geometries  and  bolt  load  transfers, 

(5)  a  procedure  that  accounts  for  part-through  crack 
growth,  through-the-thickness  crack  growth  and  crack 
growth  transition,  and 

(6)  a  damage  accumulation  procedure. 


-  ^a.-_  OQ. 
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5.4  CORROSION  FATIGUE  CRACK  PROROGATION  METHODOLOGY 

Essential  elements  of  the  corrosion  fatigue  (CF)  crack 
propogation  methodology  are  given  in  Fig. 18.  Further  details 
are  given  in  this  section. 

5.4.1  General  Procedure 

The  general  procedure  for  making  CF  crack  propogation 
predictions  is  described  and  discussed  below. 

1.  Acquire  suitable  da/dN  versus  4K  data  (ref.  Fig.  18  , 
Frame  A)  using  either  compact-tension  (CT)  or  center- 
cracked-tension  (CCT)  in  dry  air  and  applicable  environment 
(c.g.,  3.5%  Nacl  solution).  Test  requirements  and  procedures 
are  described  in  Section  5.5.2  and  elsewhere  [24,80]. 

2.  Select  a  crack  growth  model  for  the  CF  crack  growth 
analysis  which  accounts  for  the  effects  of  R-ratio  [e.g., 
87,90,91].  Best  fit  the  selected  model  parameters  using  the 
da/dN  versus  £K  data  for  both  dry  air  and  applicable 
environment  (e.g.,  3.5%  NaCl).  Justify  using  the  calibrated 
crack  growth  model  for  a  range  of  R-ratios  covered  by  the 
applicable  loading  spectrum. 
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3.  Use  the  stress-strain  curve  or  applicable  relation¬ 
ship,  such  as  Eq.  12,  to  determine  the  plastic  stress 
corresponding  to  the  total  strain  €  (see  Fig.  17).  in  Eq. 
13,  £  -  total  strain,  (T  =  stress  level,  E  =  elastic  modulus 
of  elasticity,  n'  =  cyclic  strain  hardening  exponent  and  k'  = 
cyclic  strength  coefficient.  The  plastic  stress,  0^,,  corres¬ 
ponding  to  the  total  strain,  €  ,  can  be  estimated  by  setting 
the  right  hand  side  of  Eq.  13  equal  to  €  (Eq.  12)  and 
solving  for  O"  by  trial  and  error. 

6  =  0/E  +  (  <37i0  1/n'  (  13  > 
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=  Kg-(  LT  =  0  )  )  . 

There  are  different  ways  to  determine  FC^KO)  and  K0-(LT) 
in  Eq.  11.  For  example,  a  detailed  notch  strain  analysis 
could  be  performed  using  the  finite  element  approach.  The 
following  procedure  is  suggested  for  estimating  K<r(0)  and 

K^CLT)  for  corrosion  fatigue  crack  initiation  analysis.  Once 
Kt(LT)  has  been  determined,  TTCI  predictions  can  then  be  made 
for  particular  point  conditions  using  the  strain  life  analy¬ 
sis  results. 
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kt  =  I  3(1  ~  LT)  +  [1  +  (6/Vi)2]  (  LT)  (Vi/6)  I  ;  (  LT=  1 ) 
t  (1  -  d/W)  ^ 


(9) 


^max  =  KT  ^Net 


(10) 


5 . 3 . 5 . 2  Modification  of  Strain  Life  Analysis  Scaling  Factor 
for  Effect  of  Bolt  Load  Transfer 

In  the  corrosion  fatigue  crack  initiation  analysis,  the 
effects  of  bolt  load  transfer  are  accounted  for  by  modifying 
the  strain  life  analysis  scaling  factor  for  the  open  hole 
case  (denoted  by  Kt(0)).  It  is  assumed  that  the  baseline 
scaling  factor  Kt(0)  for  the  open  hole  case  can  be  ratioed  up 
using  Eq.  11  to  obtain  the  scaling  factor  for  the  desired 
amount  of  bolt  load  transfer,  denoted  by  K  (LT).  In  Eq.  11, 
Kg.JO)  and  Kg.(  LT ) 


w\V 


m 


Kt(LT)  *  Kt(0)*K<r  (LT)  (11) 

V (0) 

are  the  stress  concentration  factors  for  the ' open  hole  case 
and  the  bolt  load  transfer  case,  respectively.  (Note:  K^t 0 ) 
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The  bolt  bearing  load,  P^,  depends  on  the  degree  of  load 
transfer  and  it  is  determined  from  the  input  gross  stress, 
C^,  as  follows.  In  Eq.  6, 

Pb  *  (LT)  CTj.  Wt  =  (LT)Wt(l  -  d/W)  <TNet;  0*LT*1.0 

LT  =  P^/P^,  W  =  plate  width,  t  =  plate  thickness  and  P  = 
total  input  load  to  joint.  The  average  bolt  bearing  stress, 
^brg,  is  determined  using  Eq.  6  and  Eq.  7. 


^brg  =  Pb/dt  =  <LT)(W/d)(l  -  d/W )(Tnet 


(7) 


Equation  8  for  the  net 

0L_.  ,  can  be  determined 

ns 


section  through  stress,  denoted 
from  equilibrium  considerations. 


as 


^NetT  =  ^iWt  Pb  ”  LT)  ^*Net  (8) 
Wt(l  -  d/W) 

The  following  expression  for  the  geometric  stress  con¬ 
centration  factor,  denoted  by  ,  can  be  obtained  by  substi¬ 
tuting  Eqs.  4,  5,  7  and  8  into  Eq.  3  and  simplifying.  Equa¬ 
tion  9  expresses  KT  as  a  function  of  the  geometry  and  the 
amount  of  bolt  load  transfer  (i.e.,  LT  *  1.0).  Hence,  the 
total  maximum  elastic  stress  at  the  edge  of  a  fastener  hole, 
given  by  Eq.  10,  can  be  estimated  using  Eq.  9  and  the  appli¬ 
cable  net  section  stress. 
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fastener  hole  (Fig.  16(a))  can  be  estimated  considering  the 
contribution  of  the  through  stress  (Fig.  16(b))  and  the  bolt 
bearing  stress  (Fig.  16(c))  on  (T  separately. 

max 

The  general  equation  for  the  geometric  stress  concentra¬ 
tion  factor,  for  Kfc,  is  given  by  Eq.  3,  where:  0"net  =  net 
section  stress  based  on 


kt  *  +  Kb  ^brg 1 


(3) 


the  far  field  total  gross  stress,  =  geometric  stress 

concentration  factor  for  an  open  hole,  (T  .  *  net  section 

ne  ty 

stress  due  to  the  through  stress,  =  stress  concentration 
factor  due  to  bearing  and  ®5rg  s  bolt  bearing  stress. 
Heywood's  approximation  [61]  for  the  stress  concentration 
factor  ( Kj. )  for  an  open  hole  is  given  in  Eq.  4. 


Kt  =  ^ax^net  =  3/(1  +  d/w,:  < d/w  i  0.3) 


■4) 


where:  d  =  hole  diameter  and  W  =  plate  width.  Barrios  [61] 
has  developed  an  approximate  relationship,  Eq.  4,  for  the 
bearing  stress  concentration  factor  (Kb)  based  on  results 
from  Theocaris  [57]. 


Kh  »  [1  +  (d/wr]/(l  -  d/W) 


(5) 


In  Eq.  5,  d  and  W  have  the  same  meaning  as  given  in  Eq.  4. 
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5.3.5  Accounting  for  Bolt  Load  Transfer 

A  reasonable  method  is  described  in  this  section  for 
accounting  for  the  effects  of  bolt  load  transfer  on  corrosion 
fatigue  crack  initiation  predictions.  The  method  includes: 
(1)  a  superposition  model  for  estimating  the  total  maximum 
elastic  stress  at  the  edge  of  a  fastener  hole  due  to  the 
through  stress  and  the  bearing  stress,  (2)  a  technique  for 
estimating  the  elastic  or  plastic  stress  concentration  factor 
for  an  open  hole  (Kg-(O))  and  for  a  hole  with  a  given  amount 
of  bolt  load  transfer  (K<r(LT))  based  on  the  stress-strain 
relationship,  and  (3)  a  means  for  scaling  the  baseline  effec¬ 
tive  Kt(0)  for  an  open  hole  to  the  desired  %  bolt  load  trans¬ 
fer  level. 

The  method  described  in  this  section  is  illustrated  in 
Appendix  F. 


5. 3. 5.1  Superposition  Model  for  Estimating  <3*max 
at  Edge  of  Hole 

A  simple  superposition  model  is  proposed  for  estimating 

the  total  maximum  elastic  stress  at  the  edge  of  the  fastener 

hole.  This  idea  has  been  used  before  by  other  researchers 

[e.g. ,  57,61]  to  estimate  Kt.  The  proposed  superposition 

model  is  shown  in  Fig.  16.  The  basic  idea  of  the  model  is 

that  the  total  maximum  elastic  stress,  ff  ,  at  the  edge  of  a 

rn  a  x 
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hole  and  TTCI  can  be  determined  using  the  strain  life  analy¬ 
sis  computer  program  as  follows.  Assume  different  values 
to  cover  the  possible  range  of  values  expected  for  the  par¬ 
ticular  geometry  (e.g.,  Kfc  =  1.5,  2.0,  2.5,  3.0,  3.5, 

4.0, . ).  Using  the  strain  life  analysis  program, 

determine  the  TTCIs  corresponding  to  a  given  Kt.  A 
relationship  can  then  be  established  for  the  effective  Kt  in 
terms  of  TTCI  -  either  empirically  or  graphically.  For 
example,  the  simple  power  law  of  Eq.  1  has  been  successfully 
used  in  this  program  and  it  is  promising  for  future 
applications.  The  constants  A  and  B  in  Eq.  1  can  be 
determined  using  a  linear  least  squares  fit  form  of  Eq.  1  and 
using  the  predicted  TTCIs  for  given  Kts  as  input. 

5.3.4  Baseline  Effective  Kfc(0) 

An  effective  stress  concentration  factor  for  the  open 
hole  (dry  air  environment  case),  denoted  as  Kt(0),  can  be 
used  to  make  predictions  for  other  geometries,  environments, 
%  bolt  load  transfer,  load  spectrum  and  stress  level.  This 
factor  can  be  determined  using  the  effective  Kt  versus  TTCI 
relationship  and  the  average  test  results  for  dog-bone  speci¬ 
men  tests  (see  Fig.  15,  Frame  C).  The  procedures  for  deter¬ 
mining  Kfc(0)  are  further  described  and  illustrated  in 
Appendix  F. 


NADC-83126-60-Vol .  Ill 


Various  analytical  crack  growth  computer  programs  have 
been  developed  [e.g.,  67],  The  General  Dynamics/Fort  Worth 
Division  has  developed  a  state-of-the-art  analytical  crack 
growth  computer  program,  referred  to  as  "RXN"  [66,67],  This 
program  can  be  used  to  implement  the  recommended  CF  crack 
propogation  methodology  proposed.  Other  computer  programs 
could  also  be  used.  Essential  details  and  features  of  the 
"RXN"  computer  program  are  described  in  Appendix  G  and  further 
details  are  given  elsewhere  [66,67]. 


5.4.3  Crack  Growth  Model 

A  suitable  crack  growth  model  is  needed  to  define  da/dN 
versus  Ak  for  a  given  environment  (e.g.,  dry  air  and  3.5% 
nacl)  for  any  given  spectrum.  Since  it  would  impractical  to 
acquire  da/dN  versus  AK  data  for  every  possible  R-ratio  in  the 
load  spectrum,  a  crack  growth  model  is  needed.  Several  crack 
growth  models  have  been  proposed  [e.g.,  85-91].  The  following 
features  of  a  crack  growth  model  are  needed  to  implement  the 
CF  crack  propogation  analysis: 

(1)  accounts  for  R-ratio, 

(2)  accounts  for  the  effects  of  AK  extremes  on  da/dN 


(i.e.,AK  threshold  below  which  da/dN  =  0  and  A  K  =  K 

c 

where  da/dN  =  a®  (  failure ))  ,  and 


NADC-83126-6Q-Vol .  Ill 


(3)  models  reasonably  well  da/dN  versus  4K  over  the  AK 
and  R-ratio  ranges  of  most  interest  for  the 
corrosion  fatique  crack  growth  analysis. 

Procedures  are  described  and  discussed  in  Appendix  B, 
including  a  data  pooling  method,  for  determining  crack  growth 
model  parameters  from  experimental  da/dN  versus  4K  data.  The 
procedures  for  calibrating  the  crack  growth  model  parameters 
for  the  Forman  model  [87]  are  illustrated  in  Appendix  B. 
Goodness-of-f it  plots  are  shown  for  da/dN  versus  AK  for  both 
dry  air  and  3.5%  NaCl  environment  for  two  different  R-ratios 
(i.e.,  R  =  0.05  and  0.3). 

5.4.4  Load-Interaction  Model 

A  load- interact  ion  or  retardation  model  is  needed  to 
account  for  the  effects  of  tension  and  compression  loads, 
multiple  overloads,  load  sequence  and  number  of  load  cvcLes  in 
the  loading  spectrum  on  crack  propogation.  Several 

retardation  models  have  beer  proposed  [96-113].  These  models 
can  be  divided  into  two  groups:  (1)  yield  zone  models  and 

(2)  crack  closure  models.  Saff  [114]  has  recently  reviewed 
the  capabilities  and  limitations  of  the  yield  zone  and  the 
c rack  closure  models. 

Since  the  effects  of  the  environment  on  CF  crack 
propagation  can  be  "scaled"  for  the  7000  series  alloys  in  the 
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over-aged  condition,  it  is  not  necessary  for  the  retardation 
model  to  account  for  the  effects  of  the  environment.  The 
effect  of  the  environment  on  CF  crack  propogation  in  'fastener 
holes  is  accounted  for  in  the  da/dN  versus  dK  basic  data  used 
in  the  CF  crack  growth  analysis. 

There  is  no  significant  synergistic  effect  between  the 
frequency  of  the  mechanical  loading  and  the  environment  for 
the  7000  series  alloy  in  the  over-aged  condition.  Moreover, 
the  environment  produces  no  additional  enhancement  in  crack 
growth  as  a  result  of  the  compressive  loading  cycles. 

None  of  the  existing  retardation  models  can  adequately 
handle  the  effects  of  multiple  overloads,  compression  loads, 
loading  sequence  and  any  number  of  load  cycles  on  spectrum 
crack  propagation.  Ideally,  the  retardation  model  should 
apply  to  any  load  spectra  and  the  model  parameters  should  be 
definable  using  basic  data. 

Advanced  retardation  models  are  needed  which  apply  to  any 
load  spectrum.  Until  such  models  are  developed  and  proven,  it 
is  recommended  that  replicate  dog-bone  specimens  (a  minimum  of 
3  specimens)  be  spectrum  fatigue  tested  to  acquire  baseline 
crack  propagation  data  for  the  dry  air,  open  hole  case.  These 
data  can  then  be  used  to  calibrate  the  retardation  model 
parameters  and  to  justify  the  use  of  the  retardation  model  for 
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different  fastener  hold  geometries,  stress  levels,  %  bolt  load 
transfer  and  load  spectra. 

The  following  retardation  model  philosophy  is 
recommended.  First,  calibrate  the  applicable  retardation 
model  parameters  for  the  open  hole  configuration  using 
baseline  spectrum  crack  growth  data  for  a  dry  air  environment 
and  a  selected  maximum  stress  level.  Then  use  the  resulting 
retardation  model  parameters  to  make  CF  crack  propagation 
predictions  for  other  geometries,  environments  (e.g.,  3.5% 

NaCl),  %  bolt  load  transfers  and  stress  levels. 

In  any  case,  improved  retardation  models  are  needed. 
However,  this  is  a  separate  problem  from  the  CF  crack 
propagation  methodology. 

5.4.5  Cycle  Counting 

A  suitable  cycle  counting  method  is  needed  for 
transforming  the  load  spectrum  into  equivalent  load  cycles. 
This  step  is  essential  to  make  the  constant  amplitude  da/dN 
versus  AK  data  apply  to  CF  crack  propagation  predictions  for  a 
given  environment  and  load  spectrum. 

Several  cycle  counting  methods  hav.e  been  developed, 
including  rainflow  and  ' range-pair  counting  methods 
(e.g.,  74].  The  analytical  crack  growth  computer  program  used 
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should  provide  the  cycle  counting  option  best  suited  to  the 
user ' s  needs . 

5.4.6  Stress  Intensity  Factor  for  Loaded  Bolt  Holes 

A  superposition  method  has  been  developed  [92,93]  for 
determining  the  stress  intensity  factor  for  a  loaded  bolt 
hole.  The  stress  intensity  factor  is  based  on  the 
through-stress  and  bearing  stress  (ref.  Fig.  19)  for  both 
part-through  and  through-the- thickness  cracks  in  a  fastener 
hole . 

The  stress  intensity  factor  K^,  due  to  the  through  stress 
and  the  bearing  stress  is  given  in  Eg.  14. 


KI  =  «T  /^l>TENS  +  (‘Vr-lHm] 


where  : 

-  through 

stress  , 

=  bearing 

stress 

t  '  o  a 

shape 

factor, 

TENS 

and  -*BR 

are 

tabulated 

factors 

for 

tnrough 

stress 

and  bearing  based  on 

Ref . 

92.  A  close  tole 

ranee 

fit  of 

the  bolt  in  the  hole  is  assumed. 

The  method  described  above  is  included  in  the  "RXN" 
computer  program  [67]  for  predicating  crack  propagation.  A 
brief  description  of  "RXN"  is  given  in  Appendix  G. 
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5.5  EXPERIMENTAL  DATA  REQUIREMENTS/GUIDELINES 


Experimental  data  requirements  and  guidelines  for 
implementing  the  recommended  CF  analysis  methodology  are 
described  and  discussed  in  this  section.  Testing  details  are 
discussed  (e.g.,  type  of  specimen,  number  of  specimens,  specimen 
geometries,  loading  frequency,  test  environments,  environmental 
simulation  procedures,  stress  levels,  R-ratio,  etc.),  including 
testing  rationale. 


5.5.1  Strain-Controlled  DATA 

Strain-controlled  tests  are  needed  for  a  given  material  to 
acquire  allowable  strain  life  data.  (i.e.,  allowable  strain 
amplitude  versus  2N^  cycles  to  initiate  a  specified  crack  size) . 
These  data  are  needed  to  implement  the  strain  life  analysis 
described  in  Appendix  E  and  elsewhere  [28-51] . 

Tests  should  be  conducted  using  smooth  un-notched 
(hour-glass  type)  specimens.  The  specimen  geometry  shown  in  Fig. 
1  worked  very  well  for  this  program.  Other  geometries  could  be 
used  e.g.,  (ref.  ASTM  Standard  E606-80;  Ref.  133).  Essential 
specimen  requirements  are:  (1)  long  enough  in  the  test  section  to 
obtain  reasonable  axial  deformation,  (2)  short  enough  to  be 
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stable  under  compressive  loading  and  (3)  compatible  with  selected 
environmental  simulation  method. 

Strain-controlled  tests,  test  set-up,  and  suitable  test 
procedures  are  described  in  Volume  IV  [24]  and  elsewhere. 
Recommended  environmental  simulation  procedures/ chambers  are  also 
described  in  Volume  IV. 

A  reference  crack  size  a„  for  crack  initiation  must  be 

o 

selected.  ao»0.01"  was  used  for  this  program  and  it  seemed  to 
work  well.  Whatever  aQ  is  used,  it  should  be  large  enough  to 
justify  the  use  of  LEFM  for  crack  growth  from  an  initial  flaw 
size  of  aQ.  Also,  aQ  should  be  consistent  with  the  experimental 
detection  capability  and  desired  confidence  level. 

Strain  levels,  environment,  and  reference  crack  size 
are  the  main  variables.  A  minimum  of  three  strain  levels  should 
be  used  (e.g.,  high,  low  and  intermediate).  The  low  strain  level 
should  be  selected  to  provide  crack  initiation  data  in  a 
reasonable  test  time. 


Strain  life  data  should  be  acquired  for  two  environments: 
(1)  baseline  (e.g.,  dry  air  at  room  temperature)  and  (2)  3.5% 
NaCl  solution  at  room  temperature.  It  is  possible  to  estimate 
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the  strain  life  allowables  for  a  3.5%  NaCl  environment  using  a 
knockdown  factor  (based  on  strain  life  results  for  similar 
alloys)  and  the  dry  air  environment  result.  However,  we 
recommend  that  strain  life  allowables  also  be  acquired  for  the 
3.5%  NaCl  environment  to  cover  the  different  exposure  times 
associated  with  the  high  and  low  strain  extremes. 

Specimens  can  be  tested  at  a  fairly  fast  frequency  for  both 
dry  air  and  3.5%  NaCl  environments.  The  loading  frequency  should 
be  consistent  with  the  user's  experimental  facilities  and 
capabilities. 

The  number  of  test  specimens  required  for  each  strain  level 
depends  on  the  main  goals  of  the  strain  life  analysis.  For 
example,  if  the  analysis  is  concerned  with  the  accuracy  of  the 
central  tendency  prediction  for  CF  crack  initiation,  then  a 
minimum  of  three  specimens  per  strain  level  will  probably  be 
adequate.  However,  if  the  strain  life  analysis  is  concerned  with 
the  distribution  of  TTCIs  for  a  given  aQ,  the  accuracy  of  extreme 
value  predictions,  and  a  high  confidence  level,  thirty  or  more 
specimens  per  strain  level  may  be  required.  In  any  case,  the 
user  must  decide  what  tests  and  how  many  are  needed  to  meet  his 
requirements . 
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5.5.2  da/dN  Versus  A K  Data 

Constant  amplitude  tests  are  required  to  acquire  da/dN 
versus  hK  data  for  the  desired  material.  Compact  tension  (CT) 
or  center  crack  tension  (CCT)  type  specimens  can  be  used. 
Standard  specimen  geometries  and  testing  procedures  are  described 
in  ASTM  standard  E647-81  [80]. 

Consider  two  environments:  (1)  baseline  (e.g.,  dry  air  at 
room  temperature)  and  (2)  3.5%  NaCl  solution  (at  room 
temperature.  A  suitable  environmental  chamber  and  test  procedure 
are  described  in  Volume  IV  [24].  Use  a  constant  immersion 
condition  for  the  3.5%  NaCl  environment. 

A  minimum  of  three  specimens  (CT  or  CCT  type)  is  recommended 
for  each  environment.  This  is  consistent  with  the  recommendation 
of  Fong  and  Dowling  [123]. 

Consider  a  minimum  of  two  different  R-ratios  (e.g.,  R  *  0.05 
and  0.5).  for  each  environment.  Also,  the  user  should  select 
R-ratios  that  are  typical  for  his  applicable  load  spectrum. 
Since  CT  and  CCT  tests  are  relatively  inexpensive,  the  user  is 
advised  to  test  as  many  different  R-ratios  as  he  can  because  the 
da/dN  versus  &K  results  will  be  invaluable  for  evaluating  the 
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effectiveness  of  the  crack  growth  model  used  for  a  wide  range  of 
R-ratios . 


5.5.3  Png-Bone  Specimen  Data 

Dog-bone  specimen  fatigue  tests  are  recommended  to  acquire 
data  for  "scaling"  the  CF  crack  initiation  analysis  and  for 
calibrating  the  load-interaction  model  used.  These  tests  should 
be  performed  using  a  baseline  environment  (e.g.,  dry  air),  load 
spectrum  and  stress  level. 

5. 5. 3.1  Crack  Initiation  Data 

Test  specimens  should  be  tested  using  as  high  a  loading 
frequency  as  possible  to  minimize  testing  costs.  For  example,  10 
HB  to  20  HB  is  recommended.  We  typically  used  a  maximum  of  6  HB 
for  the  constant  amplitude  tests  under  this  program. 

Dog-bone  specimens  with  a  center  hole  (open)  should  be 
fatigue  tested  using  a  baseline  environment,  load  spectrum  and 
stress  level.  A  suitable  specimen  and  hole  geometry  should  be 
used.  The  specimen  shown  in  Fig.  3  worked  very  well  for  this 
program.  Whatever  specimen  geometry  is  used,  the  specimen  should 
be  stable  in  compression  without  special  lateral  support  in  the 
middle. 
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The  fastener  hole  in  the  test  section  should  be  prepared 
using  the  applicable  manufacturing  methods.  We  recommend  that 
test  specimens  be  fatigue  tested  to  failure  with  the  center  hole 
open  (in  the  as  drilled  condition) .  No  intentional  preflaws 
should  be  implanted  in  the  center  hole  so  that  natural  fatigue 
cracks  can  be  obtained. 

A  fastener  in  the  hole  tends  to  constrain  the  deformation  on 
each  side  of  the  hole.  The  amount  of  hole  constraint  provided  by 
the  fastener  varies  depending  on  the  fastener  type  and  fit. 
Constraining  the  hole  deformation  can  reduce  the  effective 
stress  concentration  at  the  edge  of  the  hole  and  result  in  a 
longer  crack  initiation  life.  However,  due  to  the  variable 
nature  of  the  fastener  -  hole  fit  and  the  typically  large 
sscatter  in  CF  test  results,  we  recommend  that  the  dog-bone 
specimens  be  tested  without  a  bolt  in  the  center  hole. 

The  largest  fatique  crack  in  the  center  hole  for  each 
specimen  should  be  evaluated  fractographically .  From  the 
fractography,  the  time  to  initiate  a  crack  size  of  aQ  can  be 
determined.  The  average  TTCI  results  from  the  fatigue  tests 
provide  the  basis  for  "scaling"  the  strain  life  analysis. 

A  minimum  of  three  specimens  should  be  fatigue  tested. 
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Three  specimens  should  be  adequate  to  estimate  the  central 
tendency  behavior  of  the  TTCIs. 

5. 5. 3. 2  Crack  Propagation  Data 

Crack  propagation  tests  are  recommended  to  acquire  fatigue 
data  that  can  be  used  to  "tune"  the  crack  growth  analysis; 
i.e.,  calibrate  the  load-retardation  model  parameters.  We 
recommend  that  three  dog-bone  specimens  with  a  preflawed  center 
hole  (open)  be  fatigue  tested  to  failure  using  a  baseline 
environment  (e.g.;  dry  air),  load  spectrum  and  stress  level.  The 
center  hole  in  each  speciman  should  be  preflawed  (e.g.,  0.01" 
corner  crack)  on  one  side  of  the  hole  -  perpendicular  to  the 
applied  axial  loading.  The  same  specimen  type,  geometry  and  hole 
preparation  details  described  in  Section  5. 5. 3.1  apply.  We 
recommend  that  the  fastener  holes  be  preflawed  so  that  the 
fatigue  crack  growth  starts  from  the  same  initial  flaw  size  and 
geometry.  If  the  fastener  holes  are  not  preflawed  and  the 
fatigue  cracks  are  allowed  to  occur  naturally,  there  will 
typically  be  more  scatter  in  the  crack  growth  results. 

After  the  test  specimens  have  been  fatigue  tested  to 
failure,  the  fatigue  crack  growing  from  the  preflaw  should  be 
evaluated  fractograpnically .  The  crack  growth  results,  obtained 
from  the  fractographic  evaluations,  provide  a  practical  means  for 
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calibrating  the  load  -  interaction  model  used.  This  approach 
could  be  used  until  more  advanced  load  -  interaction  models  have 
been  developed  which  apply  to  a  wide  range  of  load  spectra. 


5.6  APPLICABILITY  OF  CORROSION  FATIGUE  METHODOLOGY  TO  OTHER 

ALUMINUM  ALLOYS 

The  observed  independence  of  fatigue  crack  growth  rate  on 
frequency  (see  Fig.  20  and  21)  and  the  essential  agreement 
between  growth  rates  in  moist  air  and  in  the  aqueous  solutions 
(see  Fig.  22)  for  the  7075-T7651  aluminum  alloy  indicate  that  the 
crack  growth  rates  are  at  their  "saturation"  level  [117,118]. 
These  results  are  consistent  with  available  data  on  other  7000 
series  (Al-Mg-Zn  and  Al-Mg-Zn-Cu)  alloys  in  the  overaged 
conditions  [119]  and  on  a  2219-T851  (Al-Cu)  alloy  [120].  They 
are  also  in  agreement  with  a  model  for  corrosion  fatigue  crack 
growth  proposed  by  Weir  et  al.  [117]  and  Wei  and  Simmons  [118], 
where  the  enhancement  in  crack  growth  rate  is  determined  by  the 
extent  of  surface  reaction  at  the  crack  tip,  which  is  limited. 

Because  the  reactions  of  water/water  vapor  with  aluminum  is 
very  rapid,  these  reactions  are  essentially  completed  at  very  low 
exposures  or  equivalent  exposures  (pressure  x  time)  [120].  For 
example,  at  a  water  vapor  pressure  of  1.3kPa  (corresponding  to 
about  40%  relative  humidity  at  room  temperature) ,  the  reactions 
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5. 7. 2. 2  Scaling  of  Environmental  Effects 

If  there  is  no  significant  synergistic  effect  between 
the  mechanical-loading  and  environment  on  TTCI  for  the 
7075-T7651  aluminum  alloy,  the  "effect  of  the  environment"  on 
TTCI  can  be  "scaled".  In  this  section,  dry/wet  ratios  for 
TTCI  predictions  are  compared  with  test  results  to  evaluate 
the  feasibility  of  scaling. 

TTCI  predictions  for  load  spectra  A,  B,  and  C  including 
dry/wet  ratios,  are  summarized  in  Tables  17  and  18  for 
spectra  A  and  B  baselines,  respectively.  The  corresponding 
average  test  results  for  dog-one  specimens  [24]  are  shown  in 
parenthesis.  Test  results  reflect  the  fast  (F)  loading 
frequency  (ref.  Tables  C-l  and  C-2  in  Appendix  C). 

Dry/wet  ratios  shown  in  Tables  17  and  18  are  based  on 
predicted  amd  test  TTCI  values.  The  dry/wet  ratio  statistics 
(average  value,  N  =  no.  of  samples,  0"(  x )  =standard  deviation 
and  c.o.v)  are  noted  in  Tables  17  and  18.  The  95%  confidence 
intervals  for  the  dry/wet  ratios,  based  on  the  results  of 
Table  17  are: 

o  Predicted  ave .  dry/wet  ratio:  1.47  to  1.91 

o  Test  ave.  dry/wet  ratio:  1.38  to  2.78 
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air).  Once  the  strain  life  analysis  has  been  scaled,  the 
resulting  Kt(0)  can  then  be  used  to  make  TTCI  predictions  for 
other  load  spectra,  geometries,  %  bolt  load  transfer,  stress 
levels  and  environments.  The  effect  of  the  environment  on 
the  TTCI  prediction  is  reflected  in  the  strain  life 
allowables  used  in  the  strain  life  analysis. 

4.  A  simple  superposition  model  was  used,  along  with 

the  stress-strain  relationship,  to  estimate  the  effective 
Kt(LT)  for  a  given  %  bolt  load  transfer  (ref.  Appendix  F)  . 
Kfc(LT)  =  "K  t  ( 0  )  *  K,j(  LT)/K(j-(  0  )  was  used,  where  Kt(0)  = 

effective  stress  concentration  factor  for  the  baseline  case 
("scaled”);  K^LT)  and  K  g-(  0 )  =  elastic  stress  concentration 
factor  for  the  given  %  load  transfer  and  the  open  hole 
configuration,  respectively.  The  effective  iT-(O)  value  was 
ratioed  up  to  account  for  the  effect  of  the  %  bolt  load 
transfer  on  the  stress  concentration  at  the  edge  of  the  hole. 

5.  Once  the  effective  Kfc(LT)  stress  concentration 
factor  has  been  defined  for  a  given  hole  geometry  and  %  bolt 
load  transfer,  the  strain  life  analysis  can  be  used  to  make 
TTCI  predictions  for  other  load  spectra,  stress  levels,  % 
bolt  load  transfer.  The  strain  life  analysis  can  be 
performed  for  each  Kt(LT)  value  separately  to  predict  TTCI  or 
the  effective  Kt  versus  TTCI  relationship  described  in  step  2 
above  can  be  used . 
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Essential  details  of  the  CF  crack  initiation  analysis 
are  given  below  and  further  details  are  given  in  Appendix  F. 

1.  Baseline  data  was  used  to  define  the  stress  strain 
relationship.  Elastic/plastic  strain  life  allowables  for 
both  dry  air  and  3.5%  NaCl  environments  were  developed  using 
the  modified  Coffin  Manson  approach.  Average  and  upper/lower 
bound  extremes  (strain  life  allowables)  were  estimated. 

2.  Strain  life  analyses  were  performed  using  the  strain 
life  approach  and  the  computer  program  "BROSE"  [45]  described 
in  Appendix  E.  TTCI  predictions  were  made  for  three  load 
spectra  ("A",  "B",  "C")  using  assumed  effective  values.  A 
simple  powerlaw  was  used  to  determine  an  effective  Kt 
relationship.;  i.e.  =  A(TTCI)B.  Other  functional  forms 
could  also  be  used. 

3.  The  strain  life  analysis  for  spectrum  "A"  was  scaled 
using  the  average  TTCI  test  results  for  the  open  hole 
specimen,  load  spectrum  "A",  dry  air  environment  and 
applicable  stress  level.  The  analysis  was  "scaled"  by 
determining  the  effective  K^(0),  based  on  the  strain  life 
analysis  results,  corresponding  to  the  average  TTCI  test 
result  for  the  baseline  case  (i.e.,  open  hole,  dry  air, 
spectrum  "A").  The  basic  idea  used  was  this:  The  strain 
life  analysis  for  a  given  load  spectrum  and  stress  level  can 
be  "scaled"  using  dog-bone  specimen  test  results  for  a 
baseline  specimen/hole  geometry  and  environment  (e.g.,  dry 
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Table  16  Comparison  of  TTCI  Predictions  and  Test  Results  (7075-T7651 
Aluminum)  for  Loading  Spectrum  "C"  for  Various  Cases 
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Table  15  Comparison  of  TTCI  Predictions  and  Test  Results  (7075-T7651 
Aluminum)  for  Loading  Spectrum  "B"  for  Various  Cases 


TABLE  14  Comparison  of  TTCI  Predictions  and  Test  Results  (7075-T7651  Aluminum) 
for  Loading  Spectrum  "A"  for  Various  Cases 
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5.7.2  CF  Crack  Initiation  Analysis/Results 

5. 7. 2.1  TTCI  Predictions  and  Correlations 

TTCI  predictions  and  correlations  for  the  following  four 
cases  are  summarized  in  Tables  14,  15  and  16  for  load  spectra 
"A",  "B"  and  "C" ,  respectively: 

o  Case  I  -  Strain  life  analysis  calibrated  for 

baseline  spectrum  "A”  and  ( LT=0 ) =3 . 21 
(based  on  dry  air  environment) 

o  Case  II  -  Strain  life  analysis  calibrated  for 

baseline  spectrum  "A"  and  Kt ( LT=0 ) =3 . 12 
(average  based  on  dry  air  and  3.5%  NaCl 
environments ) 

o  Case  III  -  Strain  life  analysis  calibrated  for 

baseline  spectrum  "B"  and  ( LT=0 ) =3  . 1 2 
(average  based  on  dry  air  and  3.5%  NaCl 
environments ) 

o  Case  IV  -  Strain  life  analysis  calibrated  for 

baseline  spectrum  "A"  with  ( LT=0 ) =3 . 21 
(based  on  dry  air  environment)  and  an 
environmental  scaling  factor  (ESF)  =  2.11 
(see  Appendix  F) 


-  *  .  •  O  •  *  4  • 
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3.5%  NaCl  environments,  (2)  Forman  crack  growth  model,  (3) 

generalized  Willenborg  retardation  modes,  (4)  rainflow  cycle 

counting,  (5)  an  initial  flaw  size  of  a0=0.01"  (corner 

crack),  (6)  "RXN"  crack  growth  computer  program  [66,  67],  and 

(7)  a  superposition  model  for  determining  the  stress 

intensity  factor  for  through-stress  and  bolt  hole  bearing 

stress  combinations.  Generalized  Willenborg  model  parameters 

were  based  on  published  values  for  4K  (threshold)  and  R 

th  os 

(overload  shut-off  ratio)  for  7075-T7651  aluminum  [122]. 

2.  Basic  issues  considered  in  the  evaluation  of  the  CF 

crack  propagation  methodology  were:  (1)  accuracy  of  TFCG 

predictions  compared  with  dog-bone  specimen  test  results?, 
(2)  does  the  CF  methodology  track  the  trends  and  order  of 
spectrum  severity?,  and  (3)  can  the  effects  of-  the 
environment  TFCG  be  "scaled"? 

3.  The  affect  and  sensitivity  of  the  generalized 

Willenborg  model  parameters  (  £K..  and  R  )  on  TFCG 

th  os 

predictions  were  studied  for  the  open  hole  configuration. 
Both  dry  air  and  3.5%  NaCl  environments  were  considered  as 
well  as  three  load  spectra  (i.e.,  "A",  " 


B"  and  "C" ). 
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and  results  are  compared  with  test  result  for  dog-bone 
specimens  from  Volume  IV  [24] . 

2.  An  environmental  scaling  factor  (ESF)  and  dry  air 
TTCI  predictions  are  used  to  make  TTCI  predictions  for  the 
3.5  NaCl  environment  for  three  specimen  configurations  (i.e., 
open  hole,  20%  LT  and  40%  LT) .  TTCI  predictions  are  made  for 
load  spectra  "A",  "B"  and  “C",  and  the  results  are  compared 

with  dog-bone  specimen  tests  from  Volume  IV  [24]. 

3.  Can  the  effects  of  the  environment  on  TTCI  be  "scaled" 
(i.e.,  are  the  dry /wet  ratios  independent  of  load  spectra 
and  load  transfer)?  To  address  this  question,  dry /wet 
ratios  based  on  TTCI  predictions  were  compared  with  those 
based  on  actual  test  results.  The  dry /wet  ratios  provide 
the  basis  for  defining  the  environmental  scaling  factor  (ESF) 

4.  The  effectiveness  of  the  CF  crack  initiation  method¬ 
ology  is  based  on  the  results  for  the  studies  described 
above.  This  also  provides  a  basis  for  generalizing  the 
methodology . 

5. 7. 1.2  CF  Crack  Propagation 


1.  Time- for-crack-growth  ( TFCG )  predictions  were  made 


for  three  configurations 

(i.e., 

open 

hole,  20%  LT 

and 

40% 

LT)  ,  three  load  spectra 

(i.e., 

"A"  , 

"B"  and  "C"), 

and 

for 

both  dry  air  and  3.5%  NaCl  environments.  Predictions  were 
based  on:  (1)  da/dN  versus  A  K  data  for  both  dry  air  and 
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5.7  EVALUATION  OF  CORROSION  FATIGUE  ANALYSIS  METHODOLOGY 

The  corrosion  fatigue  (CF)  analysis  methodology  for 
mechanically- fractured  joints  was  evaluated  in  two  parts: 
(1)  Crack  initiation  and  (2)  crack  propagation.  Details  of 
the  evaluation,  including  approach,  studies,  results  and 
conclusions  are  given  in  this  section  and  selected 
appendices.  The  evaluation  is  based  on  dog-bone  specimen 
test  results  for  7075-T7651  aluminum  from  Volume  IV  [24]. 

5.7.1  Evaluation  Approach 

5. 7. 1.1  CF  Crack  Initiation 


1.  The  strain  life  analysis  is  "scaled"  to  a  baseline 
configuration  geometry  (i.e.,  open  hole),  environment  (i.e., 
dry  air)  and  peak  load  stress  level  (i.e.,  28  ksi)  using  the 
average  time-to-crack- initiation  (TTCI)  test  results  for 
spectrum  "A".  These  results  are  then  used  to  predict  the 
TTCI  for  different  configurations  (i.e.,  open  hole,  20%  LT 
and  40%  LT)  ,  load  spectrum  ("A",  "B"  and  "C" )  and  environ¬ 
ments  (i.e.,  dry  air  and  3.5%  NaCl).  In  a  similar  manner, 
the  strain  life  analysis  is  scaled  using  TTCI  results  for 
spectrum  "B"  and  TTCI  predictions  are  made  for  other  load 
spectra  and  configurations.  TTCI  predictions  for  the  average 
and  extreme  values  (upper  and  lower  bound  estimates)  are  made 
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would  be  completed  in  about  1  microsecond.  Consequently,  for 
environmental  conditions  and  loading  frequencies  that  are  of 
practical  interest,  it  is  adequate  to  use  the  crack  growth  rate 
in  water  for  design  and  the  influence  of  frequency  can  be 
essentially  ignored. 

Recent  results  on  7000  series  alloys  in  the  peak-age 
condition  (specifically  7075-T651)  indicated  that  there  could  be 
a  strong  effect  of  water  vapor  pressure  and  frequency  [119,121]. 
The  additional  enhancement  in  crack  growth  rate  has  been 
attributed  to  the  further  reactions  of  water  with  the  segregated 
magnesium  in  these  alloys  [121].  As  such,  special  attention 
should  be  given  in  applying  the  recommended  methodology  to  all 
magnesium  containing  alloys  in  the  peak-aged  condition.  For 
these  alloys,  the  growth  rates  or  environmental  scaling  factors 
to  be  used  should  be  derived  from  data  that  have  been  obtained  at 
the  lowest  frequency  that  may  be  encountered  during  service. 
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TABLE  17  Summary  of  TTCI  Predictions  for  Load  Spectra  A,  B  and 
Based  on  Spectrum  A  Baseline  with  Dry/Wet  Ratios 
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o 


00 

o 


NOTES:  (xxx)  =  average  test  results 

*  Test  results  not  available  for  this  case. 

Predicted:  Ave.  dry/wet  ratio  =  1.69;  N=8;  <T(x)=  0.259;  C.O.V.  =  15.4% 

Test:  Ave.  dry/wet  ratio  =  2.08;  N=7;  <T(x)=0.757;  C.O.V.  =  36.4% 


TABLE  18  SUMMARY  OF  TTCI  PREDICTIONS  FOR  LOAD  SPECTRA  A,  B  AND 
BASED  ON  SPECTRUM  B  BASELINE  WITH  DRY/WET  RATIOS 
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NOTES:  (xxx)  =  Average  test  result 

*  Test  results  not  available  for  this  case 

o  Predicted:  Ave.  Dry/Wet  Ratio  =  1.77;  N=8;  (T(x)=0.257;  C.O.V.  =  14.5% 
o  Test:  Ave.  Dry/Wet  Ratio  =  2.08;  N=7;  CT(x)  =  0.757;  C.O.V.  =  36.4% 
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5.7.3  CF  Crack  Propagation  Analysis/Results 


5. 7. 3.1  TFGC  Predictions  and  Correlations 


Time-for-crack-growth  (TFGC)  predictions  were  made  for 
three  load  spectra  (i.e.,  "A",  "B"  and  "C")  and  for  three 
specimen  configurations  (i.e.,  open  hole,  20%  LT  and  40%  LT) . 
The  analysis  matrix  is  shown  in  Table  19 . 

Predictions  and  average  test  results  are  summarized  in  Table 
20  .  Average  test  results  are  shown  in  parenthesis  in  Table 
20.  Essential  details  of  the  analysis  are  described  in 
Section  5. 7. 1.2  and  below. 

The  Forman  crack  growth  model  parameters  (i.e.,  n  and  C) 
were  determined  using  a  data  pooling  procedure  described  in 
Appendix  B.  The  following  values  were  used  in  the  Forman 
model:  n  =  2.913,  C(dry  air)  =  4.722  x  10  ^  (in/cycle)  (ksi 
/in.)  n,  C(3.5%  NaCl)  *  8.551  x  10  ^  (in/cycle)  (ksi  /Tn.  )"n, 
and  Kc  =  62.5  ksi  >/Tn".  The  Forman  crack  growth  model 
accounts  for  R-ratio.  It  was  found  that  the  Forman  model  fit 
the  da/dN  versus  AK  data  rather  well  for  different  R-ratios 
and  for  both  the  dry  air  and  3.5%  NaCl  environments  (ref. 
Fig.  B7  through  B10). 

Several  load- interaction  models  were  considered 
(96-114].  However  the  generalized  Willenborg  was  selected 
for  two  reasons:  (1)  the  model  parameters  are  independent  of 
the  load  spectra  and  (2)  there  are  published  values  for  the 


Table  19  Corrosion  Fatigue  Analysis  Matrix  for  Crack  Growth  Predictions 
for  7075-T7651  Aluminum 
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Table  20  Summary  of  TFCG  Predictions  and  Correlations 
with  Dog-Bone  Specimen  Test  Results  for 
7075-T7651  Aluminum 


Specimen 
Type  (b) 

(a) , (d)  Time-For-Crack-Growth  (Flight  Hours)  | 

Spectrum  "A" 

Spectrum  "B" 

Spectrum  "C"  j 

Dry  Air 

3.5%  NaCl 

Dry  Air 

Dry  Air 

3.5%  NaCl 

Open 

Hole 

3200 

(8899) 

1600 

(5762) 

7200 

(7772) 

3000 

(3579) 

11400 

(22538) 

6000 

(9400) 

20%  LT 

1200 

(10066) 

400 

(4298) 

900 

(3140) 

Ml— 

1800 
(c)  (  — ) 

40%  LT 

<400 

(13631) 

wBBBm 

MillM 

<300 

(2740) 

600 

(19010) 

300 
(c)  (  — ) 

Notes : 


(a)  XXXX  =  predicted  TFCG;  (XXXX)  =  averaoe  test  result 

(b)  Ref.  Fig.  3  for  specimen  geometry  (D  =  0.4375") 

(c)  No  test  results  available 


(d)  TFCG  predictions  based  on  the  " RXN "  crack  growth 

program  [67]  and  the  following  models  and  parameters 


o  Crack  growth  model  (Forman  Equation) 


da/dN  = 


C(AK) 


(l-R)K  -4K 

C 


-7 


C (dry  air)  =  4.722  x  10  ;  C(3.5%  NaCl)  =  8.551  x 

n  =  2.913 

K  =62.5  ksi  -  Jin 


o  Load-Interaction  Model  (Generalized  Willenborg) 

Ref.  122 


dK_  =  1.5  ksi  -  Jin 
th 


R  =2.65  (overload  shut-off  ratio) 
os 


o  a q  =  0.01"  (corner  crack) 


o  Cycle  counting  by  Rainflow  method, 
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two  key  parameters  in  the  model  for  7075-T7651  aluminum.  The 

following  parameter  values  were  used  in  the  CF  crack  growth 

analysis:  =  1.5  ksi  Vi n  and  overload  shut-off  ratio  = 

■*  th 

R_  =  2.65  [122]  . 
os 

A  state-of-the-art  analytical  crack  growth  computer 
program  ("RXN")  [66,  67]  was  used  to  make  the  TFCG 
predictions.  This  proven  computer  program  has  been  used 
extensively  by  the  General  Dynamics/Fort  Worth  Division  for 
the  durability  and  damage  tolerance  analysis  of  metalic 
aircraft  structures  [e.g.,  64,  65],  Essential  features  of 

the  "RXN"  program  are  described  in  Appendix  G.  Typical 
output  fran  "RXN"  for  the  TFCG  predictions  herein  is  also  shown 
in  Appendix  G.  Details  about  the  load  spectra,  including 
exceedance  comparisons  are  given  in  Appendix  H. 

5. 7. 3. 2  Sensitivity  of  Willenborg  Retardation  Model 

Parameters 


A  study  was  made  to  determine  the  effects  and 
sensitivity  of  the  generalized  willenborg  retardation  model 
parameters  {  and  Rog)  on  craclt  ptopogation 
predictions  for  the  open  hole  configuration.  The  study  was 
performed  as  follows.  CF  crack  growth  predictions  were  made 
for  the  open  hole  case  using  the  "RXN"  computer  program  [67]. 
Predictions  were  made  using  selected  values  for  ar>d 
overload  shut-off  ratio  for  load  spectra  "A",  "B"  and  "C"  and 
for  both  dry  air  and  3.5%  NaCl  environments.  Results  of  the 
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sensitivity  study  are  summarized  in  Table  21  .  Plots  of  the 
overload  shut-off  ratio  versus  time-for-crack-growth  ( TFCG ) 
are  shown  in  Fig.  23  for  load  spectra  "A",  "B"  and  "C". 


5. 7. 3. 3  Scaling  of  Environmental  Effects 


If  there  is  no  significant  synergistic  effect  beteen  the 
mechanical-loading  and  the  environment  on  crack  propagation 
for  the  7075-T7651  aluminum  alloy,  the  "effect  of  the 
environment"  on  crack  propogation  can  be  "scaled".  Dry/wet 
ratios  for  TFCG  predictions  are  compared  with  test  results  to 
evaluate  the  feasibility  of  scaling  the  environmental  effect. 


TFCG  predictions  for  7075-T7651  aluminum  dog-bone 
specimens  and  average  test  results  are  summarized  in  Table  20 
for  both  dry  air  and  3.5%  NaCl  environments,  load  spectra 
"A",  "B"  and  "C"  and  three  specimen  configurations  (i.e., 
open  hole,  20%  LT  and  40%  LT) . 


The  following  statistics  for  the  dry/wet  ratio  are  based 
on  the  results  shown  in  Table  20: 


o  Predicted:  ave.  dry/wet  ratio  =  2.26  (N=7;  <T(x)=0.375; 
C.O.V.»16.6%) 


o  Test:  ave.  dry/wet  ratio  =  2.29  (N  =  7;  Glx)=0.802; 

C.O.V.=34 .9% ) 
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Table  21  Summary  of  TFCG  Predictions  (Dry  &  Wet)  for 

Various  AKth  and  Overload  Shut-Off  Ratios  (R0s) 
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The  95%  confidence  interval  for  the  (dry/wet)  ratio,  based  on 
seven  results  each  from  Table  20,  was  found  to  be  1.91  and  2.61 
and  1.55  and  3.03  for  the  predicted  and  experimental  results, 
respectively . 


5.7.4  Conclusions  and  Recommendations 

The  CF  analysis  methodology  for  crack  initiation  and  for 
crack  propagation  described  in  this  report  is  recommended  for 
application  to  7000  series  aluminum  alloys  in  the  over-aged 
condition.  Special  attention  should  be  given  to  the 
application  of  the  CF  methodology  to  magnesium  containing 
alloys  in  the  peak-aged  condition.  For  these  alloys,  the 
crack  growth  rates  or  environmental  scaling  factors  (ESF) 
used  should  be  based  on  data  acquired  at  the  lowest  frequency 
that  may  be  encountered  in  service. 

Specific  conclusions  and  observations  about  the  CF  crack 
initiation  and  CF  crack  propagation  methodology,  including 
problems  requiring  further  research  are  discussed  in  the 
following  subsections.  CF  crack  initiation  and  CF  crack 
propagation  discussions  are  treated  separately. 

5. 7. 4.1  CF  Crack  Initiation  Methodology 

The  following  conclusions,  discussions  and  recommen¬ 
dations  are  based  on  the  results  presented  in  Section  5.7.2, 
Appendix  F  and  other  results  obtained  under  this  program: 
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1.  The  TTCI  predictions  for  load  spectra  "A",  "B"  and 
"C"  respectively,  shown  in  Tables  14-16  compare  reasonably 
well  with  applicable  averr-;e  test  results.  In  general,  the 
TTCI  predictions  are  smaller  than  the  average  test  results. 
Also,  the  range  of  the  predicted  TTCI  extreme  values 
(estimated)  are  typically  larger  than  the  comparable  range 
based  on  the  low/high  test  results  (see  Tables  14-16). 

2.  The  strain  life  analysis  can  be  "scaled"  to  the  open 
hole  configuration  (dry  air  environment)  for  a  given  load 
spectrum  and  the  results  can  be  used  to  make  reasonable  TTCI 
predictions  for  different  configurations  (i.e.,  open  hole, 
20%  LT  and  40%  LT),  environment  (i.e.,  3.5%  NaCl )  and  load 
spectra.  Reference  Table  14-16. 

3.  The  CF  crack  initiation  predictions  for  the  three 
load  spectra  considered  were  correctly  ranked  in  the  order 
of  severity.  Thus,  the  CF  crack  initiation  methodology  is 
promising  for  screening  and  ranking  different  load  spectra. 

4.  Reasonable  TTCI  predictions  for  the  3.5%  NaCl 
environment  were  obtained  using  TTCI  predictions  for  dry  air 
and  an  environmental  scaling  factor  (ESF).  Reference 
Appendix  F  for  further  details  . 

5.  .The  effects  of  environment  on  TTCI  can  be  "scaled". 
This  is  based  on  the  fact  that  the  average  dry/wet  ratio 
based  on  TTCI  predictions  compared  very  well  with  the  average 
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dry/wet  ratio  based  on  actual  test  results.  For  example,  the 
average  dry/wet  ratio  based  on  predicted  TTCIs  was  1.69 
(spectrum  A  baseline;  ref.  Table  17 )  .  The  average  dry/wet 
ratio  based  on  test  results  was  2.08. 

6.  It  was  interesting  to  note  that  the  coefficient  of 
variation  (C.O.V.)  for  the  average  dry/wet  ratio,  based  on 
predictions,  was  virtually  the  same  for  both  TTCI  and  TFCG . 
For  example  the  C.O.V.  for  the  average  dry/wet  ratio  was 
15.4%  (Table  17)  and  16.6%  (Table  20)  for  TTCI  and  TFCG 
predictions,  respectively. 

7.  The  C.O.V.  for  the  average  dry/wet  ratio  based  on 
test  results  was  virtually  the  same  for  both  TTCI  and  TFCG 
test  results.  For  example,  the  C.O.V.  for  the  average  dry/ 
wet  ratio  was  36.4%  (Table  IT)  and  34.9%  (Table  20)  for  TTCI 
and  TFCG  test  results,  respectively.  Also,  the  C.O.V.  for 
the  average  dry/wet  ratio  based  on  TTCI  or  TFCG  predictions 
was  approximately  one-half  of  the  C.O.V.  based  on  test 
results . 

8.  Strain  life  allowables  (see  Fig.  15,  Frame  D)  should 
be  acquired  for  both  dry  air  and  3.5%  NaCl  environments  to 
implement  the  CF  crack  initiation  methodology  until  further 
experience  and  understanding  is  acquired  on  the  effects  of 
the  environment  on  the  strain  life  allowables  over  the  high 
and  low  strain  regimes.  For  preliminary  CF  analysis 
purposes,  the  TTCI  prediction  for  a  3.5%  NaCl  environment  can 
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be  estimated  from  the  dry  air  environment  prediction  as 
follows:  TTCI  (wet)  =  TTCI  (Dry  Air)/ESF.  The  environmental 
scaling  factor  based  on  test  results  for  similar  alloys.  The 
ESF  is  independent  of  load  spectra  and  configuration  (e.g. 
open  hole,  bolt-in-hole  or  %  bolt  load  transfer). 
Furthermore,  no  significant  differences  in  the  environmental 
scaling  factors  for  either  constant  amplitude  or  spectrum 
loading  test  results  were  found.  This  is  very  encouraging 
and  suggests  that  the  ESF  is  a  practical  means  for  making  wet 
environment  predictions  based  on  dry  air  predictions. 

9.  The  effects  of  both  load  transfer  on  CF  crack 
initiation  in  fastener  holes  need  to  be  investigated  further 
to  better  understand  the  effects  of  fastener  type/fit  and 
bearing  stress  in  the  hole  on  the  determination  of  the 
effective  stress  concentration  factor,  Kt(LT)  (see  Fig.  15, 
Frame  G  and  Section  5.3.1).  Also,  the  effects  of  initial 
hole  quality  on  CF  crack  initiation  should  be  accounted  for. 

10.  A  minimum  of  three  dog-bone  specimens  with  an  open 
hole  (without  intentional  preflaws)  should  be  fatigue  tested 
in  dry  air  using  a  baseline  spectrum  and  maximum  stress  level 
to  acquire  TTCI  data.  Sucn  tests  are  relatively  inexpensive 
and  the  results  are  invaluable  for  scaling  the  strain  life 
analysis.  The  open  hole,  rather  than  a  bolt-in-hole 
configuration  is  recommended  because:  (1)  it's  generally  more 
conservative  to  ignore  the  possible  restraint  provided  by  the 
bolt  in  the  hole  and  (2)  some  degree  of  conservatism  is 
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justified  in  view  of  the  typically  large  scatter  exhibited  in 
corrosion  fatigue  test  results  in  a  3.5%  NaCl  environment. 


5. 7. 4. 2  CF  Crack  Propagation  Methodology 

Conclusions,  recommendations  and  discussions  on  the  CF 
crack  propagation  methodology  are  as  follows: 

1.  The  CF  crack  propagation  predictions  for  7075-T7651 
aluminum  dog-bone  specimens  correctly  predicted  the  "  trends  " 
and  "ranking"  of  the  experimental  test  results  very  well  for 
three  different  load  spectra  (see  Table  20).  However,  there 
was  a  general  lack  of  correlation  between  the  TFCG 
predictions  and  the  average  test  results.  This  lack  of 
correlation  is  attributed  to  the  retardation  model  used 
(generalized  Willenborg)  rather  than  the  basic  CF  crack 
propagation  methodology.  Unfortunately,  none  of  the 

retardation  models  currently  available  can  be  calibrated 
using  basic  material  data  and  the  results  be  applied,  with  a 
high  degree  of  confidence,  to  any  load  spectra  irrespective 
of  the  loading  sequence,  multiple  overloads  (tension  and 
compression)  and  number  of  loading  cycles. 


2.  Since  the  effect  of  loading  frequency  on  da/dN 
versus  AK  data  is  not  significant  for  the  7000  series 
aluminum  alloy  in  the  over-aged  condition,  the  da/dN  versus 
AK  experimental  data  can  be  acquired  using  a  fast  loading 
frequency  (e.g.,  10  HZ-20HZ).  However,  for  all  magnesium 
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Recent  results  for  7000  series  alloys  in  the  peak-aged 
condition  (specifically  7075-T651)  indicated  that  there  could 
be  a  strong  effect  of  water  vapor  pressure  and  frequency 
(119,  121].  The  additional  enhancement  in  crack  growth  rate 
has  been  attributed  to  the  further  reactions  of  water  with 
the  segregated  magnesium  in  these  alloys  [121].  Therefore, 
special  attention  should  be  given  in  applying  the  recommended 
CF  methodology  to  all  magnesium  containing  alloys  in  the 
peak-aged  condition.  For  these  alloys,  the  growth  rates  or 
environmental  scaling  factors  to  be  used  should  be  derived 
from  data  that  have  been  obtained  at  the  lowest  frequency 
that  may  be  encountered  during  service. 

7.1.2  Titanium  Research 

The  effect  of  frequency  on  fatigue  crack  growth  in  a 
beta  annealed  Ti-6Al-4V  alloy  in  3.5%  NaCl  solution  at  room 
temperature  was  investigated  (see  Vol .  V  [23]).  It  was  found 
that:  (1)  crack  growth  rates  are  a  complex  function  of 
frequency  and  K  level,  (2)  crack  growth  enhancement  appeared 
to  result  from  the  formation  and  rupture  of  a  hydride  phase, 
(3)  the  effect  of  hold-time  at  maximum  load  is  compatible 
with  the  observed  frequency  dependence,  and  (4)  the 
environment  can  interact  with  the  applied  load  to  influence 
the  so-called  delay  in  fatigue  crack  growth  following  a  high 
load  excursion.  Due  to  the  complex  dependency  of  the 
corrosion  fatigue  crack  growth  rates  on  both  frequency  and  K 
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Whatever  crack  growth  model  is  used,  it  should  account 
for  R-ratio  and  it  should  be  justified  for  a  range  of 
R-ratios  applicable  to  the  given  load  spectrum.  The  effect 
of  environment  is  reflected  in  the  da/dN  versus  AK  data  and  a 
suitable  crack  growth  model  is  "best  fitted"  to  the 
applicable  data.  Data  pooling  procedures  are  recommended  for 
calibrating  the  crack  growth  model  parameters  (see  Appendix 
B)  to  put  the  parameters  on  a  comparable  baseline  and  to 
drive  the  variance  in  the  da/dN  versus  AK  data  into  a  single 
parameter . 

There  is  no  additional  enhancement  in  crack  growth  due 
to  the  environment  effect  as  a  result  of  compression  loading 
cycles.  For  a  ductile  aluminum  alloy,  such  as  we  considered 
under  this  program  (i.e.,  7075-T7651),  the  fatigue  crack 
tends  to  close  under  compressive  loading.  Because  of  this 
phenomena,  there  is  uncertainty  about  handling  the  effects  of 
compressive  loads  in  spectrum  crack  growth  analyses. 

The  effect  of  specimen  preconditioning  (preloading  and 
presoaking  in  3.5%  NaCl  solution  at  room  temperature)  was 
more  pronounced  for  CF  crack  initiation  than  for  crack 
propagation.  After  a  certain  pre-exposure  time,  a  saturation 
point  may  be  reached  at  which  there  is  no  further  effect  of 
pre-exposure  on  the  resulting  CF  fatigue  life.  This  aspect 
needs  to  be  further  investigated. 
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(5)  a  superposition  method  for  determining  the  stress 
intensity  factor  for  the  combined  through  stress  and  bolt 
hole  bearing  stress  case. 

It  is  concluded  that  the  CF  analysis  methodology  is 
adequate  for  the  7000  series  aluminum  alloys  in  the  over-aged 
condition.  Since  no  significant  synergistic  effect  between 
loading  and  environment  was  observed  for  this  alloy,  strain 
life  allowables  for  CF  crack  initiation  analysis  and  da/dN 
versus  JK  data  for  the  CF  crack  propagation  analysis  can  be 
acquired  using  a  fast  loading  frequency.  This  simplifies 
things  considerably  because  the  crack  growth  model  used  can 
be  independent  of  the  environment.  Furthermore,  the  load 
retardation  model  fo..  this  alloy  can  be  independent  of  the 
environment.  It  has  been  shown,  based  on  both  constant 
amplitude  and  spectrum  fatigue  test  results,  that  the  effect 
of  the  envi  ronmen  t  in  CF  crack  initiation  and  CF  crack 
propagation  can  be  "scaled".  The  environmental  scaling 
factor  (ESF)  was  found  to  be  very  consistent  for  both  CF 
crack  initiation  and  crack  propagation.  An  average  ESF  of 
appropximately  2.0  was  typically  observed  with  the  95% 
confidence  interval  ranging  from  approximately  1.5  to  3.0. 
It  is  promising  and  reasonable  to  make  CF  crack  initiation 
and  crack  propagation  predictions  based  on  a  dry  air 
environment  and  a  suitable  ESF.  This  aspect  needs  to  be 
further  investigated. 
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acquired  using  a  minimum  of  three  specimens  each  for  crack 
initiation  and  for  crack  propagation.  Spectrum  fatigue  data 
can  also  be  used  to  justify  the  CF  analysis  for  other  load 
spectra,  stress  levels,  environments,  geometries,  etc.  Dog- 
bone  specimen  spectrum  data  are  recommended  for  scaling  the 
CF  crack  propagation  analysis  until  suitable  load-retardation 
models  have  been  developed  and  verified  for  applications  to 
any  load  spectra. 

The  CF  analysis  methodology  has  been  evaluated  for 
7075-T7651  aluminum,  two  environments  (i.e.,  dry  air  and  3.5% 
NaCl),  three  load  spectra,  and  three  different  %  bolt  load 
transfers  (i.e.,  0%,  20%  and  40%).  The  CF  crack  initiation 
predictions  compared  reasonably  well  with  dog-bone  specimen 
fatigue  test  results  for  three  load  spectra  and  two  environ¬ 
ments  (dry  air  and  3.5%  NaCl).  CF  crack  propagation  predic¬ 
tions  correctly  predicted  the  trends  in  the  dog-bone  specimen 
test  results  and  correctly  ranked  the  three  load  spectra. 
However,  the  CF  crack  propagation  predictions  did  not,  in 
general,  agree  with  average  test  results.  This  lack  of 
agreement  is  attributed  mainly  to  an  inadequate 
load-retardation  model. 

The  CF  crack  propagation  predictions  were  based  on:  (1) 
the  RXN  crack  growth  program  (66,  67],  (2)  the  Forman  crack 
growth  model,  (3)  the  generalized  Willenborg  load-retardation 
model,  (4)  an  initial  crack  size  of  0.01"  (corner  flaw)  and 
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To  implement  the  methodology,  the  following  experimental 
data  is  required:  (1)  cyclic  stress-strain,  (2)  strain  life 
allowables  for  both  dry  air  and  3.5%  NaCl  environments  based 
on  smooth  un-notched  strain-controlled  specimens, 
(3)  constant  amplitude  da/dn  versus  dK  data  based  on  compact 
tension  or  center-cracked- tens  ion  specimens  for  both  dry  air 
and  3.5%  NaCl  environments,  and  (4)  spectrum  fatigue  data  for 
a  baseline  specimen  configuration/geometry,  load  spectra, 
stress  level  and  environment  (e.g.,  dry  air)  acquired  using 
dog-bone  specimens  with  a  center  hole. 

Spectrum  fatigue  data  should  be  acquired  using  dog-bone 
specimens  with  an  open  hole.  An  "open  hole"  specimen  is 
recommended  because:  (1)  the  effect  of  a  fastener  in  the 

hole  on  CF  life  varies  depending  on  the  fastener/hole  fit, 
and  (2)  there  is  typically  large  scatter  in  CF  test  results. 
Therefore,  a  degree  of  conservatism  is  justified  in  view  of 
the  above  and  other  uncertaintities . 

Crack  initiation  dog-bone  specimens  should  be  spectrum 
fatigue  tested  with  no  intentional  preflaw  in  the  center  hole 
so  that  cracks  can  originate  naturally.  For  crack 

propagation  tests,  the  specimens  should  be  spectrum  fatigue 
tested  using  a  corner  flaw  in  the  fastener  hole  (e.g., 
0.01").  Spectrum  fatigue  test  data  provides  the  basis  for 
"scaling"  or  "tuning"  the  CF  crack  initiation  and  crack 
propagation  analyses.  These  data  can  be  economically 
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SECTION  VII 

CONCLUSIONS  AND  RECOMMENDATIONS 

7.1  CONCLUSIONS 

The  major  conclusions  of  this  investigation  for  both 
7075-T7651  aluminum  alloy  and  beta  annealed  Ti-6A1-4V  alloy 
are  summarized  below.  Further  conclusions  about  the  effects 
of  specific  test  variables  on  corrosion  fatigue  for  the 
aluminum  alloy  are  given  in  Section  IV  and  Appendices  A  -  D 
in  this  volume  (III)  and  in  volume  I  [22] .  The  titanium 
research  is  documented  in  volume  V  [23];  highlights  are 
discussed  in  section  VI  (Vol.  Ill)  and  overall  conclusions 
are  summarized  in  this  section. 

7.1.1  CF  Methodology/Aluminum  Research 

A  reasonable  corrosion  fatigue  (CF)  analysis  methodology 
has  been  developed  for  mechanically-fastened  joints  and  it 
has  been  evaluated  for  7000  series  aluminum  alloy  appli¬ 
cations.  The  methodology  includes  the  strain-life  approach 
for  predicting  the  time-to-crack-initiation  (TTCI)  and  the 
deterministic  crack  growth  approach  for  predicting  crack 
propagation. 
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following  a  high  load  excursion  [116].  Specifically  delay, 
defined  as  the  number  of  cycles  of  loading  before  the  rate  of 
fatigue  crack  growth  recovers  to  its  steady-state  value,  is  a 
complex  function  of  K  level,  overload  ratio,  the  number  of 
overload  cycles  and  the  duration  of  each  overload.  The 
spectrum-load  fatigue  life,  therefore,  is  expected  to  be  a 
complex  function  of  frequency,  load  level  and  load  sequence. 
The  amount  of  data  that  would  be  required  to  make  life 
predictions,  using  one  of  the  available  cycle-by-cycle 
procedures,  is  prohibitively  large.  Development  of  novel 
procedures  that  can  incorporate  the  combined  load/environment 
interactions  on  an  integrated  or  an  average  basis  must  be 
considered,  and  is  recommended  for  future  research. 
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rupture  of  a  hydride  phase.  The  formation  of  hydrides  is 
known  to  a  function  of  strain,  and  is  apparently  a  strong 
function  of  strain  rate. 

Based  on  these  experimental  observations,  the  corrosion 
fatigue  crack  growth  response  of  beta  annealed  Ti-6A1-4V 
alloy  in  3.5%  NaCl  solution,  at  room  temperature,  is 
interpreted  in  terms  of  control  by  hydrogen  diffusion  to  the 
"fracture  process  zone"  at  frequencies  below  that  for  the 
maximum  rate  at  each  K  level  and  of  a  critical  strain  rate 
required  for  hydride  formation  in  the  crack  tip  region. 
Reductions  in  frequency  below  that  required  to  produce  a 
maximum  in  crack  growth  rate  lowered  the  effective  crack  tip 
strain  rate  below  an  apparent  "critical"  value,  whereby 
hydrides  could  not  be  formed  and  embrittlement  ceased. 

6.3  IMPLICATIONS  OF  TITANIUM  ALLOY  RESPONSE  ON  CORROSION 
FATIGUE  LIFE  PREDICTION  METHODS 

The  observed  complex  dependency  c'  corrosion  fatigue 
crack  growth  rates  on  both  frequency  and  K  level  makes  it 
nearly  impossible  to  formulate  an  effective  life  prediction 
procedure  for  the  titanium  alloys  at  this  time.  Furthermore, 
the  environment  can  also  interact  with  the  applied  load  to 
influence  the  so-called  delay  in  fatigue  crack  growth 
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6.2  EFFECT  OF  FREQUENCY  ON  FATIGUE  CRACK  GROWTH 

The  results  showed  that  fatigue  crack  growth  rates  in 
the  beta  annealed  Ti-6Al-4V  alloy  increased  with  decreasing 
frequency,  and  then  decreased  rapidly  with  further  decreases 
in  frequency,  reaching  rates  that  are  commensurate  with  those 
in  an  inert  reference  environment  (for  example,  in  vacuum). 
The  frequency  at  which  the  crack  growth  rates  reached  a 
maximum  depended  on  the  K  level,  and  was  found  to  be 
proportional  to  (AK)^. 

For  example,  at  AK  =  22  MPa-jTtT  (or  20  ksi  -/in')  and  R  = 

0.05,  the  crack  growth  rate  increased  from  about  5  x  10-7 

m/cycle  (or  2  x  10  5  in. /cycle)  at  10  Hz  to  its  maximum  of 
-7  —  5 

about  8  x  10  m/cycle  (or  3.2  x  10  in  ./cycle)  at  about  2 

-7 

Hz,  and  then  decreasing  to  about  1.3  x  10  m/cycle  ( or  5  x 
10-6  in. /cycle)  at  0.1  Hz  (Ref.  Fig.  15).  At  4K  =  44  MPa-Vm 
(or  40  ksi- /in),  the  frequency  for  the  maximum  in  growth  rate 
was  shifted  to  about  0.4  Hz,  and  that  for  the  minimum  rate 
was  shifted  to  below  0.03  Hz.  The  effect  of  hold-time  at 
maximum  load  is  compatible  with  the  observed  frequency 
dependence . 

The  fracture  surface  morphology  also  showed  strong 
dependence  on  frequency  and  K  level,  and  suggested  that  the 
enhancement  of  crack  growth  resulted  from  the  formation  and 


139 


NADC-8  3 1 26-60 -VOL .  Ill 


CF  crack  propagation  ( TFCG )  life.  The  deleterious  effect  of 
preconditioning  is  believed  to  be  the  result  of  surface 
damage  produced  by  fatigue  assisted  corrosion  (e.g.,  pitting) 
the  irregular  nature  of  the  damage  is  reflected  in  the 
considerable  scatter  observed  in  the  experimental  results  for 
preconditioned  specimens. 

Further  research  is  required  to  resolve  the  following 
issues  on  preconditioning:  (l)  how  long  should  test 
specimens  be  pre-exposed  to  a  3.5%  NaCl  environment  to  reach 
a  saturation  point  where  pre-exposure  no  longer  reduces  CF 
life?  (2)  how  can  specimen  preconditioning  be  directly 
related  to  actual  in-service  conditions?,  and  (3)  realistic 
accelerated  corrosion  fatigue  testing  procedures  are  needed. 
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TFCG  predictions  correctly  rank  the  three  load  spectra 
considered  according  to  severity. 

8.  preconditioning  -  Fastener  holes  in  exterior 
surfaces  of  in-service  aircraft  are  particularly  susceptible 
to  corrosion-related  problems  when  the  paint  or  protective 
coating  is  broken.  The  protective  coating  may  be  broken  by  a 
combination  of  service  loading,  wear, temperature ,  etc.  once 
the  protective  barrier  has  been  broken,  the  metal  surfaces 
are  exposed  to  corrosive  attack.  Specimens  can  be  pre¬ 
conditioned  to  simulate  a  break  in  the  protective  coating  and 
the  subsequent  effect  of  surface  exposure  to  a  corrosive 
environment  (e.g.,  3.5%  NaCl ) . 

Methods  have  been  developed  and  evaluated  for  pre¬ 
conditioning  test  specimens  by  Wanhill  and  LeLuccia  [16, 

19] .  Selected  dog-bone  specimens  were  preconditioned  and 
then  fatigue  tested  under  this  program  using  the  general 
procedure  described  in  Ref.  16.  Dog-bone  specimens  were 
preconditioned  by  exposing  them  to  72  hours  of  3.5%  NaCl 
solution  (constant  immersion)  following  one  300  or  400  hour 
block  of  fatigue  loading.  Only  dog-bone  specimens  were  pre¬ 
conditioned.  After  preconditioning  the  specimens,  they  were 
fatigue  tested  the  same  way  as  un-preconditioned  specimens 
(  see  Vol .  IV  [ 24]  )  . 

The  dog-bone  specimen  test  results  showed  that  pre¬ 
conditioning  significantly  reduced  the  CF  time-to-crack- 
initiation  (TTCI)  life  but  it  had  a  negligible  effect  on  the 
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used  . 


6.  It  has  been  shown  herein,  that  the  effects  of  the 
environment  on  the  CF  crack  propagation  can  be  "scaled"  for 
the  7000  series  aluminum  alloys  in  the  over-aged  condition. 
For  example,  in  Table  20  the  average  dry/wet  ratio  for  TFCG 
predictions  and  test  results  was  2.26  and  2.29,  respectively. 
This  strongly  suggests  that  the  effect  of  the  environment  on 
CF  crack  propagation  can  be  accounted  for  in  the  baseline 
da/dN  versus  data  for  the  applicable  environment.  It  is 
interesting  to  note  that  the  average  dry/wet  ratio  for  TTCI 
predictions  was  1.69  (see  Table  17)  and  that  for  TFCG 
predictions  was  2.26.  Similarly,  the  average  dry/wet  ratio 
for  TTCI  test  results  was  2.09  (see  Table  17)  and  that  for 
TFCG  test  results  was  2.29.  Although  corrosion  fatigue  test 
results  typically  exhibit  considerable  scatter,  the  "scaling” 
factors  for  accounting  for  the  environmental  effect  are  very 
comparable  for  both  CF  crack  initiation  and  CF  crack 
propagation . 


7.  The  modified  Willenborg  retardation  model  was  used 
to  make  TFCG  predictions  in  this  report.  A  study  was  made  to 
determine  the  effect  and  sensitivity  of  the  ^Kth  (threshold) 
and  overload  a  shut-off  ratio  (R  )  on  the  TFCG  predictions. 
The  results  shown  in  Table  20  show  that:  (1)  the 
effects  of  the  environment  on  TFCG  predictions  correctly 
scale  as  borne  out  by  the  dry/wet  test  results  and  (2)  the 
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containing  alloys  in  fchs  peak— aged  condition >  ths  crack  growth 
data  should  be  acquired  at  the  lowest  loading  frequency  expected 
in  service. 

3.  Further  research  is  needed  to  develop  a  mechanistic- 
based  retardation  model  that  generally  applies  to  widely 
different  load  spectra.  Ideally,  the  applicable  model 
parameters  should  be  definable  using  basic  material  data 
rather  than  spectrum  data.  Until  an  improved  retardation 
model  is  developed  and  proven  it  is  recommended  that  a 
minimum  of  three  dog-bone  specimens  with  a  center  hole  (0.01" 
corner  preflaw)  be  fatigue  tested  using  a  baseline  spectrum 
to  acquire  data  that  can  be  used  to  calibrate  the  retardation 
model  used.  Such  tests  are  relatively  inexpensive  and  the 
payoff  is  increased  confidence  in  the  CF  crack  propagation 
predictions . 

4.  The  retardation  model  and  the  crack  growth  model 
used  to  implement  the  CF  crack  propagation  methodology  should 
be  independent  of  the  environment.  Edwalds  et  al  [130]  found 
that  crack  closure  behavior  was  independent  of  environment 
for  2024-T3  aluminum.  The  crack  growth  model  can  be 
calibrated  using  da/dN  versus  AK  data  for  a  dry  air 
environment  and  for  other  environments  (e.g.,  3.5%  NaCl ) . 

5.  In  any  case,  the  crack  growth  model  used  to 
implement  the  CF  crack  propagation  methodology  should  account 
for  R-ratio.  Also,  the  calibrated  model  should  apply  to  a 
range  of  R-ratios  that  are  applicable  to  the  load  spectrum 
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level,  it  is  nearly  impossible  to  formulate  an  effective  life 
prediction  procedure  for  the  titanium  alloys  at  this  time. 


7.2  RECOMMENDATIONS 


The  following  research  is  recommended: 

1.  Develop  an  improved  load-retardation  model  which 
applies  to  any  load  spectra.  The  model  should  account  for 
load  sequence,  both  tension  and  compression  overloads, 
multiple  overloads,  and  the  number  of  loading  cycles. 
Ideally,  the  model  parameters  can  be  calibrated  using  basic 
material  data  independent  of  load  spectra  and  the  model  can 
be  applied  to  any  load  spectra  without  having  to  generate  a 
new  data  base  for  each  load  spectrum. 

2.  This  program  was  concerned  with  straight  bore 
fastener  holes  with  clearance-fit  steel  bolts  with  protruding 
heads.  The  CF  behavior  of  countersunk  fastener  holes  should 
also  be  investigated  and  the  CF  analysis  methodology 
described  in  Section  v  should  be  evaluated  for  application  to 
countersunk  fastener  holes. 

3.  The  CF  analysis  methodology  described  in  Section  V 
has  been  evaluated  considering  the  most  fundamental  elements 
of  a  mechanically-fastened  joint  (i.e.,  hole,  bolt  and  bolt 


load  transfer.  An  evaluation  of  the  CF  analysis  methodology 
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for  applications  to  more  complex  mechanically-fastened  joints 
should  be  investigated. 

4.  In  practice,  the  amount  of  bolt  load  transfer  in  metallic  aircraft 
joints  usually  depends  on  factors,  such  as  the  fastener  type  and 
fit,  the  stiffness  of  the  mating  elements  and  the  applied 
load  level.  Under  this  program  spectrum  fatigue  tests  were 
performed  using  dog-bone  specimens  with  a  fixed  amount  of 
bolt  load  transfer  (i.e.  ram  load  introduced  directly  into 
bolt  to  control  the  amount  of  load  transfer).  The  effect  of 
a  variable  %  bolt  load  transfer  in  a  mechanically-fastened 
joint  on  CF  crack  initiation  and  crack  propagation  life 
should  be  investigated  and  the  CF  analysis  methodology 
refined  (if  necessary)  to  account  for  this  effect. 

5.  investigate  the  environmental  pre-exposure  time 

required  to  reach  a  saturation  point  where  the  effect  of  the 
pre-exposure  (i.e.,  3.5%  NaCl  solution  at  room  temperature) 

no  longer  has  a  significant  effect  on  crack  initiation  and 
crack  propagation  life.  This  investigation  should  be 
performed  using  an  over-aged  and  peak-aged  aluminum  alloy 
such  as  7075-T7651  and  7075-T651,  respectively.  General 
guidelines  for  specimen  preconditioning  need  to  be  further 
developed  and  evaluated  for  implementing  the  recommended  CF 
analysis  methodology. 

6.  The  effect  of  strain-controlled  specimen  precondi- 


fil 
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tioning  (i.e.,  precycling  and  pre-exposure  to  a  3.5%  NaCl 
solution  at  room  temperature)  on  strain  life  allowables  and 
CF  crack  initiation  life  should  be  investigated. 

7.  Since  the  crack  growth  rate  for  the  beta  annealed 
Ti-6Al-4V  alloy  depends  on  both  frequency  and  K  level,  an 
effective  CF  life  prediction  procedure  cannot  be  formulated 
at  this  time.  Novel  procedures  should  be  developed  that  can 
incorporate  the  combined  load/environment  interactions  on  an 
integrated  or  average  basis  into  the  CF  crack  propagation 
prediction  method  for  the  beta  annealed  Ti-6A1-4V  alloy. 
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APPENDIX  A 

MATERIAL  CONSTANTS  FOR  IMPLEMENTING 
THE  STRAIN-LIFE  APPROACH 
FOR  CRACK  INITIATION 

A . 1  INTRODUCTION 

Material  constants  for  7Q75-T7651  aluminum  that  are  needed 
to  implement  the  strain-life  analysis  for  predicting  the  time- 
to-crack-initiation  are  presented  herein.  Procedures  are  des¬ 
cribed  for  computing  the  material  constants  from  the  experimen¬ 
tal  data.  Constants  are  presented  for  the  cyclic  stress-strain 
relationship  and  for  the  modified  Cof f in-Manson  strain-life 
equation. 


A. 2  CYCLIC  STRESS-STRAIN  RELATIONSHIP 

A  cyclic  stress-strain  relationship  is  needed  to  determine 
the  local  stress  and  strain  at  the  notch  using  Neuber's  rule 
[48].  The  empirical  expression,  given  in  Eq.  A-l,  provides  the 
relationship  between  local  stresses  and  strains.  In  Eq.  A-l: 

I 

*  local  stress  (ksi),  E  =  modulus  of  elasticity  (ksi),  n  = 

I 

cyclic  strain  hardening  exponent  and  K  =  cyclic  strength 


coef f icient  (ksi). 
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£ 


(A-l) 


i  i 

The  constants  n  and  K  in  Eq.  A-l  can  be  determined  from 
the  applicable  cyclic  stress-strain  curve.  Such  a  curve  is 
shown  in  Fig.  A-l  for  7075-T7651  aluminum  [28] .  The  first  term 
in  Eq.  A-l,  CT/E,  is  the  elastic  strain  relationship  and  the 

I 

second  term,  (cr/K ' )  1//n,  is  the  relationship  for  plastic  strain. 


The  plastic  strain  can  be  determined  from  the  cyclic 
stress-strain  curve  (Fig.  A-l)  by  subtracting  the  elastic 
strain  from  the  total  strain.  The  resulting  plastic  strain 

I  I 

results  can  then  be  used  to  determine  the  constants  n  and  K 
in  Eq.  A-l  using  the  expression  for  plastic  strain,  £  . 


P 


(A- 2) 


Equation  A-2  can  be  transformed  into  a  linear  least  squares  fit 
form  by  taking  the  log  of  both  sides  of  the  equation  as  follows 


,  ,  1  1 
log  =  1/n  log(<r/K  )  =  log  <f  -  “•  log  K 


%  , 

V. 


■K 


r.’- 

tv 


n 


( A-3 ) 


-"-V- A  .•■V' 
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STRESS,  <T(ksi) 


.a . 
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rvelic  Stress-Strain  Curve  for  707  5-T7651  Aluminui 
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Using  the  cyclic  stress-strain  curve  of  Fig.  A-l  and  Eq.  A-3, 
the  following  results  were  obtained  using  a  least  squares  fit: 

i  i  < 

n  =  0.103,  K  =  104.9  ksi.  The  meaning  of  the  constants  n 

I 

and  K  is  illustrated  in  Fig.  A-2. 

A. 3  CONSTANTS  FOR  MODIFIED  COFF IN-MANSON  EQUATION 

i  i 

The  constants  b,  c,  «rf/E)  and  £  £  in  the  modified 
Co f f in-Manson  expression,  Eq.  A-4 ,  are  determined  in  this  sec¬ 
tion  for  7075-T7651  aluminum  for  both  dry  air  and  3.5%  NaCl 
environment . 


In  Eq.  A-4,  ee  =  elastic  strain  amplitude  (in/in),  tp  *  plastic 

f 

strain  amplitude  (in/in),  0^  *  fatigue  strength  coefficient 

(ksi),  E  *  modulus  of  elasticity  (ksi),  2N^  s  number  of  rever- 

I 

sals  to  crack  initiation,  b  *  fatigue  strength  exponent,  = 
fatigue  ductility  coefficient  (in/in)  and  c  =  fatigue  ductility 


exponent 


log  Scale,  o(ksi) 
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TABLE  A-l  SUMMARY  OF  STRAIN-LIFE  RESULTS  FOR 

7075-T7651  ALUMINUM  IN  DRY  AIR  AND  LAB  AIR 


SPECIMEN  NO. 

FREQ. 

(HZ) 

ENVIRONMENT 

Aee/2 

(IN/IN) 

A£p/2 

(IN/IN) 

A£t/2 

(IN/IN) 

2Ni 

(REVERSALS) 

40CS 

5 

DRY 

AIR 

.00370 

.0037 

183200 

12CS 

2 

DRY 

AIR 

.00420 

— 

.0042 

57660 

60S 

2 

LAB 

AIR 

.00420 

— 

.0042 

55400 

39CS 

5 

DRY 

AIR 

.00496 

— 

.0050 

23600 

29CS 

0 

5 

.00510 

— 

.0051 

18800 

31CS 

2 

.00530 

— 

.0053 

14000 

20CS 

2 

.00520 

— 

.0052 

13600 

7CS 

0 

5 

.00594 

.00006 

.0060 

8380 

37CS 

.00658 

.00012 

.0067 

3820 

43CS 

.00680 

.00030 

.0071 

1760 

17CS 

.00690 

.00050 

.0074 

1800 

21CS 

1 

.00786 

.00104 

.0089 

920 

46CS 

0 

5 

.00803 

.00097 

.0090 

860 

51CS 

0 

1 

.00788 

.00112 

.0090 

860 

28CS 

5 

.00802 

.00178 

.0098 

700 

13CS 

0 

3 

.00860 

.00180 

.0104 

680 

18CS 

.01003 

.00277 

.0128 

420 

8CS 

DRY 

AIR 

.00907 

.00233 

.0114 

420 

4CS 

LAB 

AIR 

.00955 

.00395 

.0135 

300 

24CS 

DRY 

AIR 

.01117 

.00513 

.0163 

200 

19C3 

LAB 

AIR 

.01164 

.00596 

.0170 

220 

52CS 

0 

5 

DRY 

AIR 

.01210 

.00810 

.0202 

110 

NOTES:  Ae  *  Total  elastic  strain  amplitude 
e/2  . 

Ae  ^  ■  Total  elastic  strain  amplitude 

A£t/2  *  Total  strain  amplitude 

2N^  -  Number  of  reversals  to  initiate 
a  crack  depth  of  a^  »  0.010" 
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TABLE  A- 2  SUMMARY  OF  STRAIN-LIFE  RESULTS  FOR  7075-T7651  ALUMINUM 
IN  3.5%  NaCl  SOLUTION  AT  ROOM  TEMPERATURE 


SPECIMEN  NO. 

FREQ. 

(HZ) 

ENVIRONMENT 

A£e/2 

(IN/IN) 

A£p/2 

(IN/IN) 

HS  1 

2Ni 

(REVERSALS) 

49CS 

C 

i 

3.5% 

NaCl 

.00270 

___ 

.0027 

213000 

48CS 

5 

1 

.00290 

— 

.0029 

109060 

42CS 

c 

.00310 

— 

.0031 

81120 

38CS 

2 

.00330 

— 

.0033 

66700 

47CS 

c 

.00370 

— 

.0037 

49260 

34CS 

2 

.00380 

— 

.0038 

43680 

30CS 

2 

.00370 

— 

.0037 

33660 

lies 

2 

.00430 

— 

.0043 

38100 

15CS 

0. 

5 

.00430 

— 

.0043 

22080 

35CS 

2 

* 

.00450 

— 

.0045 

16740 

22CS 

2 

.00520 

— 

.0052 

9740 

32CS 

0. 

5 

.00519 

.00001 

.00520 

9160 

33CS 

5 

.00527 

.00003 

.00530 

7020 

9CS 

0. 

5 

.00583 

.00007 

.00590 

3820 

16CS 

2 

.00635 

.00015 

.00650 

2280 

44CS 

0.5 

.00631 

.00029 

.00660 

1380 

36CS 

0.5 

.00792 

.00068 

.00860 

850 

45CS 

0.1 

.00795 

.00105 

.00900 

640 

23CS 

0.5 

.00786 

.00104  . 

.00890 

580 

14CS 

.00818 

.00162 

.00980 

480 

IOCS 

.00950 

.00300 

.01250 

300 

26CS 

1 

.01136 

.00490 

.01630 

140 

4  ICS 

0. 

5 

3.5% 

NaCl 

.01220 

.00800 

.02020 

38 

NOTES : 


Ae 


e/2 


p/2 

2ttt  ■ 


=  Total  elastic  strain  amplitude 

*  Total  plastic  strain  amplitude 

=  Total  strain  amplitude 

Number  of  reversals  to  initiate  a  crack 
depth  of  ao  *  '0.010'' 
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The  strain  life-results  for  dry  air  and  3.5%  NaCl  solution 
are  plotted  in  Figs.  A-3  and  A-4,  respectively.  Applicable 
constants  are  also  shown  for  50%  confidence  for  both  elastic 
and  plastic  strain  amplitudes. 

A  95%  scatter  band  was  also  estimated  for  the  elastic  and 
plastic  strain  amplitude  segments  using  correlation  theory 
[e.g./  78].  The  scatter  band  was  determined  assuming  the 
applicable  "b"  and  Mc"  constants  in  Eqs .  A- 7  and  A-8  were  fixed 
for  any  percentile  and  the  strain  amplitude  variance  was  fixed 
for  both  the  elastic  and  plastic  strain  segments.  The  standard 
error  of  estimate  of  the  population  of  applicable  sample  strain 
amplitudes  was  determined  using  Eq.  A-9. 


In  Eq.  A-9,  y  =  logA£e/2  (elastic)  or  log<i£p/2 

,  » 
=  log  (a  )  +  b  log(2N.)  (elastic) or  log  e. 

f/E  1  f 


plastic),  yEST 
+  c  log ( 2N  ^  ) 


(Plastic),  N  *  strain  amplitude  sample  size.  Strain  amplitude 


for  selected  probabilities  (i.e.,  P  =  .025  and  P  =  0.975)  were 


determined  using  Eqs.  A-10  through  A-12. 
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logAe  =  {  log  (a  )  +  b  log  (2Nj_)  ±  Z  S  I  (A-ll) 

0/  z  t/E  y  •  x 

A 

logAe  =  {  log(e')  +  c  log  (2Nj)  ±  Z  Sv  }  (A-12) 

p/  z  z  y  •  x 


In  Eq.  A- 1 0 ,  y  =  mean  log  (Ae^^)  or  mean  log 
number  of  standard  deviations  from  the  mean  -and  s 


»  standard 


y.x 

error  of  estimate  for  log  strain  amplitude  sample.  For  a  95% 
scatter  band,  Z  =  1.96.  Using  Eq.  A-ll  and  Z  =  1.96,  the 
Ae  e^2  value  corresponding  to  the  2.5  and  97.5  percentiles  can 
be  determined.  The  same  information  can  be  determined  for 
Ae  p/2  using  Eq.  A-12  and  Z  =  1.96. 


The  es-.imated  95%  scatter  bands  for  the  elastic  and  plas¬ 
tic  strain  amplitude  segments  are  shown  in  Figs.  A-3  and  A-4 
for  dry  air  and  3.5%  NaCl  solution,  respectively.  Coffin- 

Manson  constants  are  summarized  in  Table  A-3,  including  the 
•  • 


(a  and  values  corresponding  to  the  upper  and  lower 

bounds  of  the  95%  scatter  band. 


Total  strain  amplitude  experimental  results  are  plotted  in 
Figs.  A-5  and  A-6  for  dry  air  anH  for  3.5%  NaCl  solution,  res¬ 
pectively.  Empirical  total  strain  amplitude  curves  for  P  = 
0.50  are  also  plotted.  These  plots  are  based  or.  the  applicable 
constants  shown  in  Table  A-3. 
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Fig.  A- 3  Strain  Amplitude  Versus  2N^ (Reversals)  for  7075-T7651 
Aluminum  in  Dry  Air 
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TABLE  A- 3  SUMMARY  OF  STRAIN-LIFE  CONSTANTS  FOR 

BOTH  DRY  AIR  AND  3.5%  NaCl  SOLUTION 


P=. 975  P=. 50  P=. 025 


95%  SCATTER  BAND 

_ 

■rrrf/v/// 

V//7?7Tr7 

ENVIRONMENT 

CONSTANT 

1 

\ 

DRY 

DRY 

AIR 

AIR 

‘'f/E1 

b 

.02191 

.02403 

-.1585 

.02636 

t 

£f 

c 

2.0957 

3.4142 

-1.2049 

5.5619 

3.5% 

NaCl 

. 

“Ve> 

b 

.02471 

.02742 

-.1878 

.03426 

1 

£f 

3.6919 

7. 03.81 

13.4168 

3.5%  NaCl 


c 


1.4047 
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APPENDIX  B 

EVALUATION  OF  DA/DN  VERSUS  4K  EXPERIMENTAL  DATA 
AND  CRACK  GROWTH  MODELS  FOR  7075-T7651  ALUMINUM 
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APPENDIX  B 

EVALUATION  OP  DA/DN  VERSUS  4K  EXPERIMENTAL  DATA 
AND  CRACK  GROWTH  MODELS  FOR  7075-T7651  ALUMINUM 

B.l  INTRODUCTION 

The  studies  herein  provide  the  basis  for  selecting  a 
"suitable"  crack  growth  model  to  be  used  later  to  make  corro¬ 
sion  fatigue  crack  growth  analysis  predictions.  The  purpose  of 
this  appendix  is  to  evaluate  the  da/dN  data  from  Phase  I  for 
application  in  the  crack  growth  analyses  and  in  particular  to: 

1.  Fit  the  Paris  crack  growth  model  parameters  in  Eq.  B-l 
using  da/dN  versus  AK  data  for  7075-T7651  aluminum  from  Phase  I 
[85,86],  In  Eq.  B-l,  da/dN  =  crack  growth  rate  (in. /cycle),  C 
and  m  are  empirical  constants  and  A  K  is  the  stress  intensity 
range . 


da/dN  =  C(AK)m 


(B-l) 


2.  Study  the  influence  of  various  factors  (e.g.,  R  ratio, 
loading  frequency  and  environment)  on  the  Paris  crack  growth 
model  parameters  m  and  C  in  Eq.  B-l. 


'«j ■  'j  u.w in iy  1,1 ■ »■  i  r i ».■  "’J'vi1  ^ ■_■.■  »■'.■  »y  «;u  ■■.  »'j t ».  ■  i  ■ 
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3.  Evaluate  the  empirical  crack  growth  parameters  (C^,  C2 
and  m^  in  the  two-segment  superposition  model  [27]  of  Eq.  B-2 
and  correlate  experimental  and  predicted  results.  In  Eq.  B-2, 
(da/dN)e  =  rate  of  fatigue  crack  growth  in  an  aggressive  envir¬ 
onment,  (da/dN)r  =  rate  of  fatigue  crack  growth  in  an  inert 
environment  and  (da/dN) =  cycle-dependent  corrosion  fatigue 
crack  growth  rate. 


(da/dN)0  =  (da/dN)r  +  (da/dN)cf 

=  C^AK)™!  +  C2UK)2 
Dry  Air 


(B-2) 


4.  Evaluate  the  Forman  crack  growth  model  parameters  in 
Eq.  B-3  (i.e.,  n  and  C)  and  study  the  effects  of  R-ratio  and 
environment  on  da/dN.  Also,  investigate  the  use  of  da/dN 
versus  data  for  one  R-ratio  to  make  predictions  for  another 
R-ratio  and  goodness-of- f i t . 

da/dN  =  C(AK)n/((  1-R)KC  -  AK)  (B-3) 

In  Eq.  B-3,  da/dN  =  crack  growth  rate  (in. /cycle),  C  and  n  are 
empirical  constants,  R  =  stress  ratio,  Kc  =  critical  stress 
intensity  factor  and  AK  =  stress  intensity  range. 


B-3 
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There  are  usually  many  different  R-ratios  in  a  loading 
spectrum  and  the  effects  of  the  R-ratio  on  the  corrosion  fati¬ 
gue  crack  growth  predictions  must  be  accounted  for.  Various 
crack  growth  models  have  been  proposed  which  account  for  the 
effects  of  the  R-ratio  on  the  crack  growth  rate;  e.g.,  Forman 
[87],  Modified  Forman  [88],  Collipriest  [89],  Walker  -  4K  [90] 
and  Badaliance  [91].  To  minimize  da/dN  versus  AK  data  require¬ 
ments  for  different  R-ratios  and  environments,  the  ideal  crack 
growth  model  would  be  one  that  could  be  calibrated  using  da/dN 
versus  Ak  data  for  one  or  more  R-ratios  and  the  model  could 
then  be  used  to  predict  da/dN  for  selected  dKs  for  a  practical 
range  of  R-ratios. 

Experimental  results  for  da/dN  versus  4k  for  7075-T7651 
aluminum  from  the  Phase  I  effort  [22]  are  presented  in  Tables 
B-l  through  B-4  for  dry  air  (R  =  .05),  3.5%  NaCl  (R  =  .05),  dry 
air  (R  =  .3),  and  3.5%  NaCl  (R  =  .3),  respectively.  These 
results  are  used  for  the  evaluations  herein. 

B . 2  EVALUATION  OF  PARIS  CRACK  GROWTH  MODEL 

The  Paris  crack  growth  model  parameters  m  and  C  in  Eq.  B-l 
were  fitted  herein  using  the  da/dN  versus  AK  data  presented  in 
Tables  B-l  through  B-4. 


B-4 
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TABLE  B-l  da/dN  VERSUS  AK  RESULTS  FOR  7075-T7651  ALUMINUM 
IN  DRY  AIR  ( R  =  0.05;  f  =  0.1  HZ,  1  HZ,  6  HZ) 


ENVIRONMENT 

R 

FREQ. 

(HZ) 

A  K 

(ksi —J In) 

da/dN  x  10 6 
(In. /Cycle) 

Dj 

ry 

0. 

■ 

0 

1 

4.3 

0.380 

4.3 

0.480 

5.5 

1.400 

6.7 

2.800 

0 

.1 

10.9 

9.600 

L 

4.9 

0.540 

10 

9.500 

15.1 

24.000 

’ 

20.2 

54.000 

1 

26.2 

170.000 

5 

7.3 

3.100 

► 

9.3 

5.600 

11.1 

10.700 

13 . 9 

15.800 

18 . 7 

46 . 000 

20.8 

10Q. 000 

Dl 

■y 

0. 

05 

> 

25.2 

170.000 

Notes:  1.  Compact  tension  specimen 

2.  Ref.  Fig.  33  in  Volume  I  report  [22]  . 
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TABLE  B-2  da/dN  VERSUS  AK  RESULTS  FOR  7075-T7651  ALUMINUM 
IN  3.5%  NaCl  SOLUTION  AT  ROOM  TEMPERATURE 


ENVIRONMENT 


3.5%  NaCl 


FREQ. 

(HZ) 


3.5%  NaCl 


A  K 

(ksi—  /in) 

da/dN  x  IQ6 
(In. /Cycle) 

7.58 

2.4 

9.09 

10.0 

10.61 

23.0 

12.84 

40.0 

5.87 

1.2 

6.82 

1.8 

13.18 

30.0 

14.77 

40.0 

17.80 

70.0 

23.86 

150.0 

28.03 

160.0 

7.39 

3.1 

12.35 

16.0 

14.35 

39  .  0 

25.00 

120.0 

27.65 

140.0 

Notes:  1.  Compact  tension  specimen 

2.  Ref.  Fig.  35  in  Volume  I  report  [2 2 1 
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With  and  defined,  the  constant  C 2  was  determined 

using  applicable  3.5%  NaCl  crack  growth  data  and  a  least 
squares  fit  procedure  as  follows. 

(  da/dN )  e  =  C1(4K)ml  +  C2  ( AK )  2  (B-7) 

E2  =  23  [  (da/dN ) e  -  C1(AK)ml  -  C2(AK)2]2  (B-8) 

2  2 
In  Eq.  B-8,  E  is  the  sum  squared  error.  Taking  the  ^E  /^C2 

and  setting  equal  to  zero,  the  following  expression  for  C2  was 

obtained , 


C2  =  rUK)2(da/dN)c  -  C^UK)™!  +  2 

UK)  4 


(B-9) 


The  resulting  ra1 ,  and  C 2  constants  based  on  the  proced¬ 
ures  described  above  are  shown  in  Taoles  B-7  and  B-8  for  R  = 

0.05  and  0.30,  respectively.  Predicted  (da/dN)  values  based 

e 

on  Eq.  B-7  are  also  shown  for  the  applicable  AK  values. 

Experimental  da/dN  versus  AK  results  for  R  =  .05  and  0.30 

are  plotted  in  Figs.  B-5  and  B-6,  respectively.  The  solid  line 

represents  the  fit  of  Eq.  B-7  to  the  applicable  test  results 

and  the  dashed  lines  represent  the  data  scatter.  Since  Eq.  B-7 

correlates  fairly  well  with  the  experimental  results  in  the  AK 

range  considered,  it  is  reasonable  to  assume  that  (da/dN)  ^  is 

2 

a  function  of  (AK)  .  Further  research  is  required  to  better  under¬ 
stand  the  effect  of  the  R-ratio  on  (da/dN)  .. 

cr 
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In  Eq.  B-5,  the  first  two  terms  are  considered  to  be  the 

most  significant  contributors  to  the  crack  growth  rate  for  the 

7075-T7651  aluminum  alloy.  Wei  has  suggested  that  the  second 

2 

term  in  Eq.  B-5,  (da/dN)c^,  is  a  function  of  (AX)  .  The  pur¬ 
pose  of  this  section  is  to  evaluate  the  da/dN  crack  growth 

results  for  7075-T7651  aluminum  from  Volume  I  [22]  and  to 

2 

determine  if  (da/dN)c^  depends  on  (^K)  or  not. 

The  da/dN  versus  AX  results  from  Tables  B-l  through  B-4 

were  evaluated  as  follows.  Dry  and  wet  results  for  the  same 

R-ratio  were  considered.  For  example,  the  results  in  Table  B-l 

(dry)  and  Table  B-2  (3.5%  NaCl)  for  R  =  0.05  were  considered 

together  to  evaluate  the  possible  dependence  of  (da/dN)cf  on 
2 

(AX)  .  By  the  same  token,  the  results  in  Tables  B-3  and  B-4 
were  used  for  R  =  0.30. 

The  Paris  crack  growth  model  was  used  to  define  (da/dN) 
and  dry  air  da/dN  versus  AX  results  were  used  to  determine  m^ 
and  in  Eq.  8-6. 

( da/dN ) r  =  C x (A  X )  ml  ( B-6 ) 

The  constants  m^  and  were  determined  using  dry  air 
crack  growth  data  in  a  selected  AX  range  (i.e.,  8-24  ksi  - 
'{in)  .  A  AX  range  was  used  which  included  the  applicable  dry  air 
and  3.5%  NaCl  crack  growth  data  for  the  same  R-ratio.  m^  and 
were  determined  using  a  least  squares  fit  procedure. 
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TABLE  B-6  EFFECT  OF  ENVIRONMENT  AND  R-RATIO  ON  da/dN 
BASED  ON  PARIS  MODEL  CONSTANTS 
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The  environment  and  R-ratio  together  appear  to  have  a  greater  effect 
on  da/dN  as  the  R-ratio  increases. 
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These  results,  including  the  applicable  C-ratios,  are  shown  in 
Table  B-6.  It  should  be  clear  that  the  C-ratio  method  provides 
only  an  estimate  of  the  effect  investigated  because  the  actual 
variance  of  "m"  for  each  data  set  is  not  considered. 

The  following  conclusions  are  based  on  the  results  shown 
in  Tables  B-5  and  B-6:  (1)  the  environment  appears  to  have  a 

greater  effect  on  da/dN  as  the  R-ratio  increases,  and  (2)  the 
R-ratio  appears  to  have  a  greater  effect  on  da/dN  for  3.5%  NaCl 
than  for  dry  air. 

B . 4  EVALUATION  OF  SUPERPOSITION  CRACK  GROWTH  MODEL 

Wei,  et  al  [27]  suggested  that  the  environmentally- 
assisted  fatigue  crack  growth  rate  (da/dN)  ,  is  the  sum  of 
three  components. 

(da/dN)0  =  ( da/ dN ) „  +  (da/dN)cf  +  (da/dN)scc  (B-5) 

In  Eq.  B-5,  (da/dN)r  =  rate  of  fatigue  crack  growth  in  an  inert 
environment-representing  the  contribution  of  "purely  mechan¬ 
ical"  fatigue,  (da/dN)c^  =  the  cycle-dependent  contribution 
requiring  the  synergistic  interaction  of  fatigue  and  environ¬ 
ment,  and  (da/dN)scc  =  contribution  of  sustained-load  crack 
growth  (e.g.,  stress  corrosion  cracking)  at  K  levels  above  the 

stress  corrosion  cracking  threshold  (KT  or  K  „)  . 

Iscc  see 
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TABLE  B-S  SUMMARY  OF  BARIS  LAW  PARAMETERS  (w  and  C)  FOR  707S-T76S1 
ALUMINUM  FOR  BOTH  DRY  AIR  AND  3. St  HaCi  SOLUTION 
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(3)  All  data  seta  pooled  to  determine  "a"  and  "C"  determined  using  applicable  results  fur  a  given  data 
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In  Figs.  B-l  through  B-4,  the  Paris  model  fit  based  on  "m" 
and  "C"  for  a  given  data  set  is  emphasized.  A  scatter  band, 
denoted  by  dashed  lines  (-  -  -),  is  also  plotted  with  straight 
lines  parallel  to  the  line  based  on  unpooled  data  sets. 

The  following  conclusions  are  based  on  Figs.  B-l  through 
B-4:  (1)  the  mean  value  predictions  (solid  lines),  based  on 
the  Paris  crack  growth  model,  fit  the  experimental  results  well 
for  the  four  data  sets  considered,  (2)  the  experimental  crack 
growth  results  for  different  loading  frequencies  are  bunched 
close  together  -  indicating  that  there  are  no  significant 
effects  of  loading  frequency  on  the  crack  growth  rate,  (3)  as 
expected,  the  da/dN  variance  was  greater  for  the  3.5%  NaCl 
solution  then  for  dry  air. 

B . 3  STUDY  SENSITIVITY  OF  PARIS  CRACT  GROWTH  MODEL 
PARAMETERS  WITH  RESPECT  TO  VARIOUS  FACTORS 

The  sensitivity  of  the  Paris  crack  growth  model  parameters 
"m"  and  "C"  was  studied  using  the  da/dN  versus  4k  data  shown  in 
Tables  B-i  through  B-4.  The  effects  of  the  following  factors 
on  m  and  C  were  investigated:  (1)  loading  frequency,  (2)  envir¬ 
onment,  and  (3)  R-ratio. 

Results  for  m  and  C  are  summarized  in  Table  B-5  for  vari¬ 
ous  cases.  Also,  the  data  sets  were  appropriately  grouped  to 
focus  attention  on  the  particular  effect  to  be  investigated. 


GROWTH  RATE 
/Cycle) 
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7075-T7651  Aluminum  Alloy 
Room  Temperature 
3.5%  NaCl 
R  -  0.3 

A  f  »  6  HZ 
#f  ■  3  HZ 
■  f  =  1  HZ 
♦ff  *  0.3  HZ 
•  f  »  0.1  HZ 


Vi 


/" //  / 

V/ 


♦  /L 


Scatter 


/ 

/ 


da/dN  =  C(AK) 


'  —  ■  m  »  3.843;  C  “  4.538  x  10 

- —  m  =  2  519;  C  *  55.746  x  10 

-  m  -  3.115;  C  -  20.170  x  10‘ 


Ref.  Table  B-5 


-K  (ksi^in) 

Fig.  B-4  da/dN  Versus  AK  Results  for  7075-T7651 
Aluminum  Alloy  Exposed  to  3. 5%. NaCl  at 
Room  Temperature  (R»0.3;  f-0.1  HZ,  0.3  HZ,  1  HZ, 
3  HZ  and  6  HZ) 
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7075-T7651  Aluminum  Alloy 
Room  Temperature 
Dry  Air 
R  -  0.3 

Af  -  6  HZ 
□  f  »  1  HZ 
Of  =  0.1  HZ 


/ 

fi//' 

So//// 

/W 


da/dN  *  C(AK)m 


'f/ 


1 


Scatter 


//r/ 

{%/ 

/*/ 


////  / 

////  / 

/,}// 

'/// 

/ 


-  m  -  3.335;  C  -  5.975  x  10~* 

-  m  -  2.619;  G  -  30.960  x  10~? 

—  a  ■  3.115;  C  -  9.901  x  10~9 


Ref.  Table  B-5 


iK  (ksi  Tin) 

Pig.  B-3  da/dN  Versus  IK  Results  for  7075-T7651 
Aluminum  Alloy  Exposed  to  Dry  Air  at 
Room  Temperature  (r«0.3;  f-0.lHZ,  1  HZ  and 
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7075-T7651  Aluminum  Alloy 
Room  Temperature 
3.5%  NaCl 
R  *  0.05 

f  =  6  HZ 
f  *  3  HZ 
f  =  1  HZ 


/ 

/ 

/ 

/  4 


,/dN  =  C  (AK) 


A// 

.4  y  / 


/// 

/j/ 


/  *—  Scatter 

/ 


m  ■ 

3.122; 

C  - 

7.059 

X 

IQ'9 

m  ■ 

3.221; 

C  - 

5.462 

X 

io“9 

m  =* 

3.115; 

C  - 

7.180 

X 

io-9 

Ref.  Table  B-5 


IK  design) 


da/dN  Versus  IK  Results  for  7075-T7651 
Aluminum  Alloy  Exposed  to  3.5%  NaCl  at 
Room  Temperature  (R=0.05;  f=l  HZ,  3  HZ  and  5  HZ) 


fatigue  crack  growth  rate 

da/dN  {In. /Cycle) 
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7Q75-T7651  Aluminum  Alloy 
Room  Temperature 
Dry  Air 
R  «  0.05 

Af  3  6  HZ 
□  f  *  1  HZ 
Qf  -  0.1  HZ 


da/dN  =  C  (AK) 1 


/ 


y  / 

// 

/,/  / 

//a/ 


f 

L 


Scatter 


w' 

/ 


.  '  ■ —  n  *  3.224;  C  »  4.38  x  10 

-  o  *  3.221;  C  *  4.413  x  10' 

-  m  -  3.115;  C  -  5.669  x  10' 


Ref.  Table  B-5 


Fig.  B-l 


IK  (ksi  v in) 

da/dN  Versus  IK  Results  for  7075-T7651 
Aluminum  Alloy  Exposed  to  Dry  Air  at 
Room  Temperature  (R*0.05;  f=0.lHZ,  1  HZ  and 
6  HZ)  „  ,, 


B-ll 
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5.  Data  sets  with  the  same  environment  were  pooled  to 
determine  "m" ,  the  "C"  was  determined  using  results  for  a  given 
data  set. 

The  Paris  model  constants  m  and  C  in  Eq.  B-l  were  deter¬ 
mined  using  a  linear  least  squares  fit  form  of  Eq.  B-l  as  given 
in  Eq.  B-4. 


log(da/dN)  =  log  C  +  m  log(AK)  (B-4) 

y  i  r 

Results  for  m  and  C  for  the  various  cases  studies  are  sum¬ 
marized  in  Table  B-5. 

The  da/dN  versus  4K  results  from  Tables  B-l  through  B-4 
are  plotted  in  Figs.  3-1  through  B-4,  respectively.  To  compare 
the  results  for  different  loading  frequencies  different  symbols 
were  used  for  each  frequency.  Three  different  Paris  model  fits 
are  shown  for  each  figure:  (1)  "m"  and  "C"  determined  for  an 

individual  data  set  and  denoted  by  a  solid  straight  line 

( - ),  (2)  "m"  determined  using  results  for  the  same  R-ratio 

and  "C"  determined  using  results  for  a  given  data  set  (denoted 
by  —  —  — ),  and  (3)  "m"  determined  using  pooled  results  for 

different  R-ratios  and  environments  and  then  "C"  determined 
using  data  for  a  given  data  set  (denoted  by  ~  ). 
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The  resulting  constants  m  and  C  for  the  Paris  model  were 
evaluated  using  dry  air  and  3.5%  NaCl  da/dN  versus  AK  data  and 
least  squares  fitting  procedures.  For  purposes  of  evaluating 
the  effects  of  R-ratio  and  environment,  da/dN  versus  4K  results 
for  selected  data  sets  are  pooled  to  determine  a  common  "m" 
value  in  Eq.  B-l.  By  imposing  a  common  "m"  value,  the  variance 
in  a  given  data  set  is  reflected  in  a  single  parameter  "C". 
Hence,  the  effects  of  environment  and  R-ratio  can  be  estimated 
by  directly  comparing  the  respective  "C"  values  for  selected 
data  sets.  Data  pooling  procedures  were  used  to  evaluate  m  and 
C  for  the  following  cases: 


1.  Results  for  a  given  data  set  were  pooled  to  determine 
"m”  ,  then  "C"  was  determined  using  results  for  a  selected 
loading  frequency. 


2.  Same  as  (1)  except  "C"  was  determined  using  pooled 
data  for  all  loading  frequencies  in  a  given  data  set. 


3.  Data  sets  with  the  same  R-ratio  were  pooled  to  deter¬ 
mine  "m",  then  "C"  was  determined  using  applicable  results  for 
a  given  data  set . 


4.  Four  data  sets  were  pooled  to  determine  "m" ,  then  "C' 
was  determined  using  results  for  a  given  data  set. 


NADC- 8  3126-60 -VOL .  Ill 


TABLE  B-4  da/dN  VERSUS  AK  RESULTS  FOR  7075-T7651  A  JMINUM 
IN  3.5%  NaCl  SOLUTION  AT  ROOM  TEMPERATUR 
(R  =  0.3;  f  =  0.1  HZ,  0.3  HZ,  1  HZ,  3  HZ  6  HZ) 


FREQ.  A  K  da/dN  x  ) 

(HZ)  (ksi“/In)  (In./Cyc  >) 


0.06 
1.6C 
5. 1C 
40. 0C 
0.62 
0.7C 
2.3C 
2.9C 
11. 0C 
32. 0C 
80. 0C 
1.0C 
1.9C 
16. 0C 
40. 0C 
60. 0C 
100. 0C 
130. 0C 
1.8C 
3.0C 
7. 5C 
10. 0C 
25.  OC 
37.  OC 
58. OC 
78. OC 
80.  OC 
130. OC 
1. 9C 
5.  OC 
8. 5C 
29  .OC 
69.  OC 
90.  OC 
120. OC 


6.88 


9.42 

4.04 

4.31 

5.35 

6.23 

7.35 

9.38 
12.31 

4.42 

5.38 

7.38 

9.62 
10.65 
12.54 

14.62 

4.62 

5.35 

6.15 

6.81 

8.31 

9.42 
11.42 
12.69 
13.50 
17.27 

A  A 


5.73 

6.15 

8.46 

12.62 

15.04 

18.27 


Notes;  1.  Compact  tension  specimen 

2.  Ref.  Fig.  36  in  Volume  I  report  [22]. 
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TABLE  B-3  da/dN  VERSUS  AK  RESULTS  FOR  7075-T7651  ALUMINUM 
IN  DRY  AIR  (R  =  .30,  f  =  0.1  HZ,  1  HZ,  6  HZ) 


ENVIRONMENT 

R 

FREQ. 

(HZ) 

A  K 

(ksi—  /Tn) 

da/dN  x  106 
(In. /Cycle) 

Dry 

Air 

0. 

3 

0 

1 

4.75 

1.52 

5.74 

2.51 

6.25 

3.11 

8.49 

7.28 

9.91 

11.20 

12.20 

23.80 

14.21 

37.20 

16.19 

76.10 

17.92 

100.00 

20.99 

217.00 

0 

1 

23.34 

355.00 

1 

5.09 

1.43 

6.69 

3.20 

7.69 

4.90 

8.35 

7.79 

9.55 

10.50 

10.49 

13.80 

12.50 

20.00 

1 

16.31 

54.40 

6 

4.63 

1.05 

5.46 

1.41 

6.00 

2.08 

7.41 

4.67 

9.39 

10.20 

10.34 

13.30 

13.29 

30.00 

15.85 

55.00 

Dry 

Air 

0. 

3 

6 

23.97 

184.00 

TABLE  B-7  LEAST  SQUARES  FIT  RESULTS  FOR  TWO-SEGEMENT  SUPERPOSITION 
CRACK  GROWTH  MODEL  FOR  7075-T7651  ALUMINUM  IN  3.5%  NaCl 
SOLUTION  AT  ROOM  TEMPERATURE  (R  =  .05) 
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8.5  EVALUATION  OF  FORMAN '  CRACK  GROWTH  MODEL 

The  purpose  of  this  section  is  to:  (1)  determine  suitable 
Forman  model  parameters,  (C  and  n  in  Eq.  B-3)  to  use  to  make 
crack  growth  predictions  in  Appendix  H  and  (2)  evaluate  the  use 
of  the  Forman  model  to  make  da/dN  versus  4K  predictions  for 
different  R-ratios. 

Parameters  "C"  and  "n"  in  Eq .  B-3  were  determined  herein 
for  two  different  R-ratios  (i.e.,  R  =  0.05  and  0.3)  and  for 
both  dry  air  and  3.5%  NaCl  environments.  A  least  squares 
fitting  procedure  was  used.  The  exponent  "n"  in  Eq .  B-3  was 

determined  with  and  without  pooling  of  da/dN  versus  A K  data  for 
different  data  sets.  Data  pooling  procedures  were  used  for  two 
reasons:  (1)  to  obtain  compatible  "n"  and  "C"  values  for 

different  R-ratios  and  environments  and  (2)  to  provide  a 
rational  basis  for  determining  a  "scaling  factor"  or  "knock 
down  factor"  for  accounting  for  the  effects  of  environment  on 
da/dN.  Furthermore,  C  and  n  are  cross-correlated  parameters, 
i.e.,  for  a  given  n  there  is  a  corresponding  C  and  vice  versa. 
By  using  data  pooling  procedures  a  common  n  value  can  be 
obtained  and  hence,  the  scatter  in  the  data  can  be  reflected  in 
the  single  parameter  C. 


i 
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Three  different  cases  were  considered: 


o  Case  I  -  n  and  C  parameters  determined  using  the 
da/dN  versus  AK  data  for  a  given  data  set 
(i.e.,  given  environment  and  R-ratio) 


o  Case  II  -  n  determined  using  pooled  da/dN  versus  AK 
results  from  Tables  B-l  through  B-4;  C 
determined  using  pooled  results  for  same 
environment  and  two  R-ratios. 


o  Case  III  -  n  and  C  based  on  da/dN  versus  AK  results  for 
a  given  environment  and  R-ratio;  results 
used  to  predict  da/dN  versus  AK  for 
different  R-ratio. 


In  all  cases  a  least  squares  fit  procedure  was  used  to  compute 
n  an  d  C  . 


Equation  B-3  was  transformed  into  a  least  squares  fit 
format  as  shown  in  Eq.  B-10. 


In  da/dN  +  ln[(l-R)Kc  -  AiO  =  In  C  +  n  In  A  K,  (B-10) 


\-  VV  '  J-  •  •  •  •  *»  •  •  •  •  V  v  •> 
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The  parameters  n  and  C  were  determined  using  the  well  known 
least  squares  tit  equations  given  in  Eq.  B-ll  and  B- 1 2  , 
respect i vely . 


N2*xy  -  (ZX)(Z Y) 
N&2  -  (ZX)2 


(B-ll) 


C 


exp 


{ 


- 


( B-12 ) 


In  Eqs.  B-ll  and  B-12,  N  =  number  of  samples  in  the  fit;  X  and 
Y  are  defined  in  Eq.  B-10. 

Parameters  n  and  C  for  a  given  data  set  were  determined 
using  Eq .  B-ll  and  B-12,  respectively.  A  pooled  "n"  value  was 
determined  using  Eq.  B-ll  and  the  pooled  da/dN  versus  /JK 
results  for  four  data  sets  (Ref.  Tables  B- 1  through  B- 4 ) . 
rJsing  the  pooled  "n"  value,  the  corresponding  C  values  were 
determined  using  Eq .  B-ll  and  the  pooled  results  for  the  same 
environment  and  two  different  R-ratios.  The  resulting  C  and  n 
values  for  Cases  I  —  1 1 1  are  summarized  in  Table  B-9. 

Theoretical  predictions  for  da/dN  versus  AK  are  compared 
with  experimental  results  in  Figs.  B-7  through  B-10.  Three 
different  curves  are  plotted  in  each  figure  and  the  resulting  C 
and  n  values  used  are  noted.  The  basis  for  each  of  the  three 


cases  ( I  —  1 1 1 )  has  been  previously  described. 


Table  L  9  Summary  of  Forman  Equation  Parameters  for  7075-T7651  Aluminum 
for  Both  Dry  Air  and  3.5%  NaCl  Environments 
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The  following  observations  and  discussions  are  based  on 
the  results  shown  in  Figs.  B-7  through  B-10: 

1.  As  expected,  better  overall  fits  were  obtained  for  a 
given  data  set  when  the  C  and  n  values  in  the  Forman  model  were 
fitted  using  the  da/dN  versus  4K  results  for  that  data  set 
(refer  to  Case  I).  However,  there's  no  guarantee  that  the  C  and 
n  parameters  based  on  one  data  set,  for  a  given  environment  and 
R-ratio,  will  be  acceptable  for  predicting  the  da/dN  versus  dK 
values  for  the  same  environment  and  other  R-ratios  (e.g.,  ref. 
Case  III  plot  shown  in  Figs.  B-9  and  B-10). 

2.  The  C  and  n  values  for  a  given  environment  and  R-ratio 
were  used  to  make  da/dN  versus  4K  predictions  for  a  different 
R-ratio  (Case  III).  C  and  n  values  were  also  determined  using 
a  data  pooling  procedure  (Case  II).  Overall,  Case  II 
predictions  for  da/dN  correlated  much  better  than  Case  III 
predictions  over  thedK  range  of  the  data.  Therefore,  the  data 
pooling  procedure  is  very  promising  for  determining  the  C  and  n 
parameters  in  the  Forman  model  for  applications  to  different 


R-rat ios . 
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3.  The  data  pooling  procedure  described  herein  is  useful 
for  determining  "compatible"  C  and  n  values  for  different  da/dN 
versus  data  sets.  Also,  since  n  is  constant  for  the  pooled 
data  sets,  the  resulting  C  values  can  be  used  to  determine  an 
"environmental  scaling  factor"  (ESF)  for  accounting  for  the 
effect  of  the  environment  on  da/dN.  For  example,  an  ESF  can 
be  determined  using  Eq .  B-13  and  C  values  in  Table  B-9 . 

Cwet  (B-13) 

ESF  =  _ 

C  _ 

Dry 

Then,  (da/dN)wet  is  given  by  Eq.  B-14. 

( da/dN ) wet  =  ESF*  (da/dN)dry  (B-14) 

Using  Cwet  =  8.55U10-7  and  Cdry  =  4.722xl0-7  (from  Table  3-9 
for  case  III)  and  Eq .  B-13,  and  ESF  of  1.81  is  obtained. 
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o  Test  I . D. 
o  Data  set  number 

o  Specimen  no.  for  each  specimen  a  given  data  set 
o  Test  results  for  TTCI,  TTF ,  TFCG  (i.e.,  TTF-TTC I )  and 
TTCI/TTF  ratio 

o  The  average  TTCI,  average  TTF  and  average  TFCG  are 
presented  for  each  data  set  as  well  as  the 
corresponding  coefficient  of  variation 
o  Fatigue  crack  origin  for  each  specimen  in  a  data  set. 

The  information  presented  in  Tables  C-l  and  C-2  is 
evaluated  further  in  the  following  subsections. 

C . 3  BAR  GRAPH  PLOTS  FOR  TTCI,  TTF  AND  TFCG 

Test  results  from  Tables  C-l  and  C-2  are  plotted  in  a 
bar  graph  format  in  Figs.  C-l  through  C-16.  The  average  test 
result  and  the  high/low  values  in  each  data  set  are  plotted 
in  a  bar  graph  format.  In  Figs.  C-l  through  C-16,  an  open  or 
solid  circle  denotes  the  average  test  results  and  the  tic 
marks  at  the  ends  of  the  horizontal  bar  denotes  the  high/low 
test  results  considering  all  specimens  in  an  applicable  data 
set.  Data  sets  are  identified  by  Test  I.D.  (Refer  to  Table  8 
for  description  code).  The  number  of  specimens  in  a  given 


data  set  used  to  determine  the  average  test  result  is  noted 
in  (  )  above  the  symbol  for  the  average  value. 


Summary  of  7075-T7651  Aluminum  Dog-Bone  Specimens  for  Task  6 


r*ck- In  it  tat  Ion  (*j-  0.01“  depth)  In  fastener  l»ole  (determined 
tographlc  rcaulta) 
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Table  C-l  Summary  of  7075-T7651  Aluminum  Dog-Bone  Test  Results  for  Task  5 
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APPENDIX  C 

EVALUATION  OP  CORROSION  FATIGUE  TEST  RESULTS  FOR 
7075-T7651  ALUMINUM  DOG-BONE  SPECIMENS 

C.l  INTRODUCTION 

The  purpose  of  this  appendix  is  to:  (1)  summarize 
7075-T7651  aluminum  dog-bone  specimen  test  results  frorr 
Volume  IV  [24],  and  (2)  evaluate  test  results  to  determine 
the  effects  of  selected  test  variables  on  TTCI,  TTF  and  TFCG . 
Test  results  are  evaluated  and  plotted  in  various  forms  to 
facilitate  evaluating  the  effects  of  the  test  variables. 
Statistical  analyses  of  the  test  results  are  performed  to 
gain  insight  into  the  significance  of  selected  variables  and 
their  sensitivity. 

C . 2  SUMMARY  OF  DOG-BONE  SPECIMEN  TEST  RESULTS 
AND  STATISTICAL  PROPERTIES 

Test  results  for  7075-T7651  aluminum  dog-bone  specimens 
and  useful  statistical  properties  are  summarized  in  Tables 
C-l  and  C-2  for  Tasks  5  and  6,  respectively.  The  f  lowing 
information  is  presented  for  each  data  set  tested: 
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Fi<j.  C-8  Compar  i  son  of  TTF  Test  Results  for  7075-T7651 
Aluminum  Docj-Hone  Specimens  (Open  Hole)  for  F 
Ref.  Table  8  400  Hour  Spectrum  ("A")  and  Dry  Air/3.5%  NaCl 
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Fiy.  C-ll  Comparison  of  TTF  Test  Results  for  7075-T7651 
*Ref.  Table  8  Aluminum  Dog-Bone  Specimens  (Open  Hole;  40%  LT) 

Based  on  F-18  300  Hour  (Block)  Spectrum  ("C") 
and  Dry  Air/ 3. 5%  NaCl  Environments 


Fig.  C  12  Comparison  of  Crack  Growth  Test  Results  for  7075-T7651 
Ref.  Table  8  Aluminum  Doy-Bone  Specimens  (Open  Hole)  for  F-16  400 

Hour  Spectrum  ("A")  and  Dry  Air/3.5%  NaCl  Environments 
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Fig.  C- 1 3  Comparison  of  Crack  Growth  Test  Results  for  7075-T7651 
Aluminum  Dog-Bone  Specimens  (Open  Hole;  Bolt-In-Hole) 
*Ref.  Table  8  Based  on  F'-16  400  Hour  Spectrum  ("A"),  Dry  Air/3.5% 

NuCl  Environments  and  Specimen  Preconditioning 
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Comparison  of  Crack  Growth  Test  Results  for  7075-T7651 
Aluminum  Dog-Bone  Specimens  (Open  Hole;  40%  LT)  Based 
on  F-18  300  Hour  (Block)  Spectrum  ("C")  and  Dry  Air/ 
3.5%  NaCl  Environments 


The  plots  shown  in  Figs.  C-l  through  C-16  are  useful  for 
comparing  the  test  results  and  extremes  for  a  given  data  set 
against  other  data  sets.  These  plots  provide  a  means  for 
qualitatively  evaluating  the  effects  of  selected  test 
variables  on  TTCI,  TTF  or  TFCG . 

Plots  for  TTCI  (a^  =  0.010")  are  shown  in  Figs.  C-l 
through  C-7  and  plots  for  TTF  are  shown  in  Figs.  C-8  through 
C-ll.  The  TFCG  results  are  plotted  in  Figs.  C-12  through 
C-15.  TTF  results  for  different  stress  levels  are  plotted  in 
Fig.  C-16. 

In  some  cases,  the  results  for  different  data  sets  were 
pooled  to  determine  the  average  result  and  the  corresponding 
high/low  extremes.  Data  sets  were  pooled  for  a  given 
specimen  configuration,  loading  spectrum  and  environment. 
Applicable  results  for  different  loading  frequencies  were 
pooled  to  compare  with  results  for  individual  data  sets  and 
to  qualitatively  evaluate  the  effects  of  .Loading  frequency 
on  the  particular  test  result  (i.e.,  TTCI,  TTF  or  TFCG).  For 
example,  in  Fig.  C-l  test  results  for  TTCI  (a^  =  0.010")  for 
data  sets  A-28/F/D  and  the  A-28/S/D  were  pooled  for  two 
different  loading  frequencies  (i.e.,  F  =  Fast  *  8000  flight 
hours/2  days  and  S  *  slow  =  8000  flight  hours/16  days). 
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C . 4  DRY/WET  RATIOS 

Can  the  effects  of  the  environment  on  TTCI,  TTF,  and 
TFCG  be  "scaled"  for  7075-T7651  aluminum?  To  address  this 
question  the  applicable  experimental  results  for  TTCI,  TTF 
and  TFCG  for  both  dry  air  and  3.5%  NaCl  ("wet")  environments 
from  Tables  C-l  and  C-2  were  used  to  compute  "dry/wet" 
ratios.  The  results  for  the  F-16  400-hour  spectrum  ("A")  are 
plotted  in  a  bar  graph  format  in  Fig.  C-17  and  those  for  the 
F-18  300-hour  spectra  (random  ("B")  and  block  ("C")  are  shown 
in  Fig.  C- 18.  In  all  cases,  the  "dry/wet"  ratios  are  based 
on  test  results  for  the  same:  loading  frequency,  specimen 
configuration,  stress  level  and  load  spectrum. 
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Fig.  C-17  Summary  of  Dry /Wet  Ratios  for  7075-T7651  Aluminu 
Dog-bone  Specimens  for  F-16  400  Hour  Spectrum  (" 
ami  Dry  Air/3.5%  Nac]  Environments 
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C.5  EVALUATION  OF  TTCI/TTF  RATIO 

Test  results  from  Tables  C-l  and  C-2  were  used  to  study 
the  ratio  of  TTCI  to  TTF  for  selected  data  sets.  The  purpose 
of  this  investigation  was  to  study  the  statistics  and  sensi¬ 
tivity  of  the  TTCI/TTF  ratio  for  different  environments, 
loading  frequency,  %  bolt  load  transfer  and  load  spectra. 

Computed  TTCI/TTF  ratios  and  the  corresponding  statis¬ 
tical  information  (i.e.,  mean,  standard  deviation  and  coeffi¬ 
cient  of  variation)  are  presented  in  Tables  C-3  through  C-5. 
Results  are  presented  separately  for  dry  air  and  3.5%  NaCl 
environments  for  load  spectra  "A",  "B"  and  "C"  in  Tables  C-3, 
C-4  and  C-5,  respectively. 

The  following  observations  are  based  on  the  results 
presented  in  Tables  C-3  through  C-5 . 

1.  The  environment,  loading  frequency  and  %  bolt  load 
transfer  don’t  have  a  significant  effect  on  the  average 
TTCI/TTF  ratio  for  7075-T7651  aluminum. 

2.  It  appears  that  the  load  spectra  and  maybe  stress 
level  have  the  greatest  influence  on  the  TTCI/TTF  ratio. 
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F  =  Fast  Frequency  =  8000  Fit.  Hrs/2  days 
S  =  Slow  Frequency  -  8000  Fit.  Hrs/16  days 
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Fig.  D-l  Normalized  Crack  Growth  Results  (ai  =  0.01")  for 

707S-T7651  Aluminum  Dog-Bone  Specimens  (Open  Hole) 
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^ GROSS  *  28  ksi  Max.),  Dry  Air  Environment  and 
Two  Loading  Frequencies  (FAST,  SLOW) 
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APPENDIX  D 

NORMALIZED  CRACK  GROWTH  RESULTS  FOR  7075-T7651 
ALUMINUM  DOG-BONE  SPECIMENS  TESTED  UNDER 
SPECTRUM  LOADING 

Experimental  crack  growth  results  for  dog-bone  specimens 
are  plotted  herein.  Most  results  are  normalized  to  a  crack 
size  of  0.010".  In  some  cases  reliable  f ractographic 
readings  could  not  be  made  at  a  crack  size  of  0.010".  Back- 
extrapolation  to  a  crack  size  of  0.010”  were  possible  in  most 
cases.  However,  in  some  cases  reliable  extrapolations  to  a 
crack  size  of  0.010"  were  not  possible.  For  this  reason,  and 
to  minimize  the  effects  of  scatter  in  the  crack  growth 
results,  a  larger  reference  crack  size  was  used  in  some  cases 
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Further  tests  and  evaluations  are  needed  to  better  understand 
the  effects  of  bolt  load  transfer  on  the  TTF  in  mechan¬ 
ically-fastened  joints. 

7.  The  trends  in  the  average  TTF  lives  shown  in  Fig. 
C-ll  are  consistent  with  those  observed  in  Fig.  C-10  for  the 
F-18  300  hour  (random)  spectrum.  For  example,  the  average 
TTF  life  for  the  open  hole  specimens  tested  in  dry  air 
environment  is  larger  than  that  for  the  40%  load  transfer 
specimens.  Also,  as  expected,  the  open  hole  specimens  tested 
in  a  3.5%  NaCl  environment  had  a  shorter  average  TTF  life 
than  comparable  specimens  tested  in  a  dry  air  environment. 
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significant  effect  on  the  average  TTF  lives  for  open  hole 
specimens  tested  under  a  dry  environment  and  spectrum  "A" 
(Ref.  Fig.  C-8).  However,  preconditioned  specimens  tested  in 
the  3.5%  NaCl  environment  showed  considerably  shorter  average 
TTF  lives  than  those  tested  in  the  dry  air  environment. 

4.  Specimens  tested  with  a  clearance- f  it  bolt  in  the 
hole  for  the  dry  air  environment  had  a  longer  average  TTF 
life  than  open  hole  specimens  for  spectrum  "A”  (Ref.  Figs. 
C-8  and  C-9 ) .  No  significant  difference  was  found  between 
the  average  TTF  life  for  open  hole  specimens  and  for  speci¬ 
mens  with  a  clearance-fit  bolt  in  hole  based  on  tests  in  a 
3.5%  NaCl  environment. 

5.  No  significant  differences  were  observed  in  the 
average  TTF  lives  for  open  hole  tested  under  fast  and  slow 
loading  frequencies  and  spectrum  ”B"  (Ref.  Fig.  C-10). 

6.  The  average  TTF  life  for  the  open  hole  specimens 
tested  using  spectrum  "B"  was  longer  than  either  the  20%  or 
40%  lead  transfer  specimens  tested  in  dry  air  (Ref.  Fig. 
C-10).  However,  the  effects  of  the  load  transfer  on  the 
average  TTF  life  are  not  clear  because  the  average  TTF  life 
for  he  20%  load  transfer  specimens  was  actually  shorter  than 
for  the  40%  load  transfer  specimens.  Based  on  our  test 
results,  we  cannot  say  with  certainty  that  the  average  TTF 
life  decreases  as  the  %  bolt  load  transfer  increases. 
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average  crack  growth  lives  were  observed  for  open  hole,  20%  load 
transfer  of  40%  load  transfer  specimens.  Test  results  were  not 
available  for  the  case  with  no  load  transfer  and  a  bolt  in  the 
hole  for  direct  comparisons  with  the  20%  and  40%  load  transfer 
results . 

7.  The  average  crack  growth  life  for  the  40%  load 
transfer  specimens  tested  using  spectrum  "C"  was  not 
significantly  different  than  that  for  the  open  hole  specimens 
tested  in  dry  air  (Ref.  Fig.  C-15). 

8.  The  3.5%  NaCl  environment  significantly  reduced  the 
crack  growth  life  for  open  hole  specimens  tested  using 
spectrum  "C"  (Ref.  Fig.  C-15). 

C.6.3  Time- to-Fa ilure  ( TTF ) 

The  following  observations  are  based  on  the  results 
plotted  in  Figs.  C-8  thru  C-ll. 

1.  No  significant  effect  of  loading  frequency  on  the 
average  TTF  life  for  either  dry  air  or  3.5%  NaCl  environments 
based  on  the  open  hole  specimens  and  spectrum  "A”  (Ref.  Fig. 
C-8)  . 


2.  Testing  in  a  3.5%  NaCl  environment  results  in  a 
shorter  average  TTF  life  than  when  tested  in  a  dry  air 
environment  and  spectrum  "A"  (Ref.  Fig.  C-8). 


3.  Specimen  preconditioning  did  not  seem  to  have  a 
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without  preconditioning  but  tested  in  the  same  environment. 
Preconditioning  is  intimately  associated  with  the  effect  of  stress 
enhanced  corrosion  and  depends  .strongly  on  the  environment,  surface 
condition  and  geometry. 

4.  Specimens  with  a  clearance— f i t  bolt  had  slightly 
longer  average  crack  growth  lives  than  open  hole  specimens 
for  both  the  dry  air  and  3.5%  NaCl  environments.  The  bolt 
increases  the  crack  growth  resistance  to  some  degree  (Ref. 

Figs.  C-12  and  C-13)  . 

5.  The  average  crack  growth  life  for  the  open  hole 
specimens  was  considerably  longer  for  the  fast  loading 
frequency  than  for  the  slow  loading  frequency  for  the  dry  air 
environment  (Ref.  Fig.  C-14).  For  example,  the  average  crack 
growth  life  for  B-28/F/D  and  B-28/S/D  was  7772  flight  hours 
and  2637  flight  hours,  respectively  (Ref.  Table  C-l).  A  much 
smaller  difference  in  the  average  crack  growth  results  was 
observed  for  the  open  hole  specimens  tested  in  a  3.5%  NaCl 
environment  than  for  the  dry  air  environment.  For  example, 
B-28/F/W  and  B-28/S/W  had  an  average  crack  growth  life  of 
3579  flight  hours  and  3283  flight  hours,  respectively. 

6.  The  effect  of  the  %  bolt  load  transfer  on  crack  growth 
life  for  spectrum  "B”  was  not  clear  from  the  test  results 
(Ref.  Fig.  C-14).  For  example,  the  average  crack  growth  life 
for  open  hole  specimens  tested  under  a  dry  air  environment 
was  longer  than  that  for  the  20%  load  transfer  specimens  but 
about  the  same  for  the  40%  load  transfer  specimens.  In  the 
3.5%  NaCl  environment,  no  significant  differences  in  the 


C-36 


N ADC-8  3 1 26-60-Vol .  Ill 


C.6.2  Time- f or-Crack  Growth  ( TFCG ) 

The  following  observations  are  based  on  the  test  results 
plotted  in  Figs.  C-12  thru  C-15. 

1.  No  significant  effect  of  loading  frequency  on  the 
crack  growth  lives  for  open  hole  specimens  tested  in  a  dry 
air  or  3.5%  NaCl;  environment  and  spectrum  "A"  (Ref.  Fig. 
C-12).  Two  frequencies  were  considered:  F  =  fast  and  S  = 
slow. 

2.  Open  hole  specimens  tested  using  the  extra  slow 
loading  frequency  (s  =  8000  fit  hrs/90  days)  had  approxi¬ 
mately  one-half  the  average  crack  growth  life  as  specimens 
tested  using  the  fast  (F)  or  slow(S)  loading  frequencies  for 
spectrum  "A”  (Ref.  Fig.  C-12).  The  separate  effects  of  long 
term  environmental  exposure  and  slow  loading  frequency  on  the 


average 

TTF 

life  need  to 

be 

studied  further  to 

clarify 

the 

effects 

ot 

environment 

and 

loading  frequency 

on  TTF 

o  f 

mechanically-fastened  joints. 

3.  Specimen  preconditioning  did  not  have  a  significant 
effect  on  the  average  TFCG  life  for  open  hole  specimens  tested 
under  dry  air  environment  and  spectrum  "A”  (Ref.  Figs.  C-12 
and  C-13).  Preconditioned  specimens  tested  in  a  3.5%  NaCl 
environment  had  shorter  average  TFCG  lives  than  specimens 
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8.  No  significant  differences  in  the  average  TTCI  lives 
were  observed  for  the  open  hole  specimens  for  Spectrum  "B" 
for  either  the  dry  air  or  the  3.5%  NaCl  environments.  Two 
frequencies  were  considered:  Fast  and  Slow  (Ref.  Fig.  C-5). 

9.  Loading  frequency  did  not  appear  to  have  a 
significant  effect  on  the  average  TTCI  lives  for  precondi¬ 
tioned  specimens  for  either  the  dry  air  or  3.5%  NaCl  environ¬ 
ments  for  load  spectrum  "B"  (Ref.  Fig.  C-5). 

10.  The  average  TTCI  lives  for  the  20%  and  40%  load 
specimens  were  shorter  than  for  the  open  hole  specimens  sub¬ 
jected  to  spectrum  "B".  Increasing  the  %  bolt  load  transfer 
from  20%  to  40%  did  not  significantly  change  the  average  TTCI 
life  for  either  the  dry  air  or  3.5%  NaCl  environments  (Ref. 
Figs .  C-5  and  C-6 )  . 

11.  The  average  TTCI  life  for  the  40%  load  transfer 
specimens  in  a  dry  air  environment  was  shorter  than  that  for 
the  open  hole  specimen  for  spectrum  "C"  (Ref.  Fig.  C-7 ) . 

12.  The  environment  has  a  significant  effect  on  average 
TTCI  lives  for  the  open  hole  specimens  for  spectrum  "C”  (Ref. 
Fig.  C-7). 
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3.  The  average  TTCI  life  for  the  open  hole  specimens 
under  dry  air  and  fast  frequency  was  shorter  than  the  life 
for  specimens  with  a  c learance- f i t  bolt  in  the  hole.  In  this 
case,  the  bolt  apparently  increases  the  resistance  to  crack 
initiation  (Ref.  Figs.  C-l  and  C-3). 

4.  There  was  no  significant  difference  in  the  average 
TTCI  life  for  the  open  hole  specimen  and  the  specimens  with  a 
clearance-fit  bolt  (with  0%  load  transfer)  for  the  3.5%  NaCl 
environment  (Ref.  Figs.  C-l  and  C-3). 

5.  No  significant  effects  of  the  loading  frequency  on 
the  TTCI  life  was  observed  for  the  specimens  with  a  clear¬ 
ance-fit  bolt  in  hole  for  the  3.5%  NaCl  environment  for  the 
fast  (F)  or  slow  (s)  loading  frequencies  (Ref.  Fig.  C-3). 

6.  There  was  no  significant  difference  between  the 
average  TTCI  lives  for  an  open  hole  specimen  and  20%  or  40% 
load  transfer  specimens  tested  in  a  dry  air  environment.  In 
this  case,  specimens  with  bolt  load  transfer  did  not  have  a 
significantly  different  average  TTCI  life  than  the  open  hole 

specimens  (Ref.  Figs.  C-l  and  C-4) .  The  average  TTCI  life  for  the 

open  hole  specimens  was  approximately  54%  of  that  for  the  zero 
load  transfer  specimens  with  a  bolt  in  the  hole.  As  expected, 
the  presence  of  a  clearance-fit  bolt  in  the  hole  increased  the 
crack  initiation  life. 

7.  The  test  results  suggest  that  the  environment  had  a 
greater  effect  on  the  average  TTCI  life  than  the  three  %  load 
transfer  considered  (i.e.,  0%,  20%  and  40%)(Ref.  Figs.  C-l 
and  C-4 ) . 
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C . 6  CONCLUSIONS  BASED  ON  DOG-BONE  SPECIMEN  TEST  RESULTS 

C.6.1  Time- to-Crack  Initiation  (TTCI) 

The  following  observations  are  based  on 
the  TTCI  test  results  for  7075-T7651  aluminum  dog-bone 
specimens,  three  load  spectra  (i.e.,  "A",  "B"  and  "C")  and 
the  results  plotted  in  Figs.  C-l  thru  C-7. 

1.  Loading  frequency  did  not  have  a  significant  effect 
on  the  average  TTCI  for  the  open  hole  specimen  for  either  the 
dry  air  or  3.5%  NaCl  environments  (Fig.  C-l).  Three  loading 
frequencies  were  considered:  F  =  fast  =  8000  flight  hours/ 
2  days;  S  =  slow  =  8000  flight  hours/16  days;  s  =  extra  slow 
=  8000  flight  hours/90  days.  As  expected,  the  average  TTCI 
life  was  shorter  for  the  3.5%  NaCl  environment  than  for  the 
dry  air  environment. 

2.  The  effect  of  specimen  preconditioning  on  the 
average  TTCI  life  for  open  hole  specimens  is  more  significant 
for  the  3.5%  NaCl  environment  than  for  the  dry  air  environ¬ 
ment.  For  example,  the  average  TTCI  lives  for  the  precon¬ 
ditioned  specimens  tested  under  a  3.5%  NaCl  environment  were 
over  three  times  shorter  than  for  the  specimens  without 
preconditioning  (Ref.  Figs.  C-l  and  C-2). 
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ummary  of  Statistics  for  TTCI/TTF  Ratio  for  7075-T7651  Aluminum  Dog-Bone 
pecimens,  F-16  400  Hour  (Block)  Spectrum  and  Dry  Air/3.5%  Nacl  Environments 
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Fig . 


FLIGHT  HOURS  (1000) 

Normalized  Crack  Growth  Results  (a j_  =  0.01")  for 
7075-T7651  Aluminum  Dog-Bone  Specimens  (Open  Hole) 
Tested  Using:  F-16  400  Hour  Block  Spectrum 
JgrosS  =  28  ksi  Max>)»  3.5%  NaCl  Environment 
and  Three  Loading  Frequencies  (Fast,  Slow,  Extra  Slow) 
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Fig.  D-3 


Comparison  of  Normalized  Crack  Growth  Results 
(ai  *  0.01",  Dry  Air  Versus  3.5%  NaCl)  for 
7075-T7651  Aluminum  Dog-Bone  Specimens 
(Bolt-In-Hole)  Tested  Using  F-16  400  Hour 
Block  Spectrum  (^gross  3  28  ksi  Max*>  ant* 

Two  Loading  Frequencies  (Fast,  Slow) 


■V 


CRACK  SIZE  (INCH) 


NADC-83126-60-VOL.  Ill 


a#74  ' 
A#75 
O#80  . 

.  A-28/20/F/D 

##73 

A-28/20/S/D 

a  *  •  0 


□  a 


*  • 

A  •  O 

•  O 

*P  •  O 


A 

A  D  _  •  O 
a  A  A  O 

A  O  f  •  aO  ^ 

0^  ° 


FLIGHT  HOURS  (1000) 


Fig.  D-4  Normalized  Crack  Growth  Results  (aj_  =  0.01") 
for  7075-T7651  Aluminum  Dog-Bone  Specimens 
(20%  Load  Transfer)  Tested  Using:  F-16  400  Hour 
Block  Spectrum  (a^oss  *  28  *si  Max.),  Dry  Air 
Environment  and  Two  Loading  Frequencies  (Fast,  Slow) 
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Fig.  D-6  Comparison  of  Normalized  Crack  Growth  Results 
(ai  »  O.Ol'^.Dry  Air  Versus  3.5%  NaCl)  for 
7075-T7651  Aluminum  Dog-Bone  Specimens 
(40%  Load- Transfer)  Tested  Using:  F-16  400  Hour 
Block  Spectrum  (oqrosS  m  28  *C3^-  Max*>  111(3  Fast 
Loading  Frequency 
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D-7  Comparison  of  Normalized  Crack  Growth  Results 

(a*  ■  0.01";  Fast  Versus  Slow  Loading  Frequency) 
for  7075-T7651  Aluminum  Dog-Bone  Specimens 
(Open  Hole)  Tested  Using:  F-18  300  Hour  (Random) 
Spectrum  (ocross  *  ksi  Max.)  and  Dry  Air 
Ennvironment. 
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Fig.  D-8  Comparison  of  Normalized  Crack  Growth  Results 

(aj/  *  0.035";  Fast  Versus  Slow  Loading  Frequency) 
for  7075-T7651  Aluminum  Dog-Bone  Specimens  (Open  Hole) 
Tested  Using:  F-18  300  Hour  (Random)  Spectrum 
(across  3  28  ksi  Max.)  and  Dry  Air  Environment 
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Fig.  D-9  Comparison  of  Normalized  Crack  Growth  Results 

( a *  0.01";  Fast  Versus  Slow  Loading  Frequency) 
for  7075-T7651  Aluminum  Dog-Bone  Specimens 
(Open  Hole)  Tested  Using:  F-18  300  Hour  (Random) 
Spectrum  (aGrosg  *  28  ksi  Max.)  and  3.5%  NaCl 
Environment 
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Fig.  D-10  Comparison  of  Normalized  Crack  Growth  Results 

(ai  »  0.035";  Fast  Versus  Slow  Loading  Frequency) 
for  7075-T-7651  Aluminum  Dog-Bone  Specimens 
(Open  Hole)  Tested  Using:  F-18  300  Hour  (Random) 
■Spectrum  (across  ■  28  ksi  Max.)  and  3.5%  NaCl 
Environment 
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Fig.  D-12  Normalized  Crack  Growth  Results  (ai  =  0.01") 
for  7075-T7651  Aluminum  Dog-Bone  Specimens 
(20%  Load'  Transfer)  Tested  Using:  F-18  300  Hour 
(Random)  Spectrum  (aGross  *  28  ksi  Max.),  3.5% 
NaCl  Environment  and  Fast  Loading  Frequency. 
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Fig.  D-13  Normalized  Crack  Growth  Results  ( a  =  0.01") 

for  7075-T7651  Aluminum  Dog-Bone  Specimens  (40% 
Load  Transfer)  Tested  Using:  F-18  300  Hour  (Random) 
Spectrum,  Dry  Air  Environment  and  Fast  Loading 
Frequency. 
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Fig.  D-14  Normalized  Crack  Growth  Results  (ai  =  0.01") 

for  7075-T7651  Aluminum  Dog-Bone  Specimens  (40% 
Load  Transfer)  Tested  Using:  F-18  300  Hour  (Random) 
Spectrum,  3.5%  NaCl  Environment  and  Fast  Loading 
Frequency . 


D-15 


I  WALK  1)1  'll.  (INCH) 


O  Q 


o  A  □ 


.  ,  -a  a  o 

-  •  '■>  _ L_ _ 1 _ 


a  a  o 


.5  .3 


FLIGHT  HOURS  (1300' 

Fig.  q-1  5  Normaliced  Crack  Growth  Results  aj.  =  O.Ol"' 
for  '3'3-T"651  Aluminum  Dea-3cne  Specimens 
Open  Hole:  Oia.  =  3.42"3";  Tesced  '.smg:  F-1S 
3C3  Hour  Block;  Spectrum  -r„ss  =  29  ksi  Max. 
Cry  Air  Environment ,  aw  fast  Load  me  Frequer.cv 
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Fig.  D-16  Normalized  Crack  Growth  Rasulta  (ai  ■  0.01") 
for  7075-T7651  Aluminum  Dog-Bone  Specimens 
(Open  Hole;  Oia  ■  0.4375")  Teated  Uaing:  F-18 
300  Hour  (Block)  Spectrum  (a^ro.,  *  28  kai  Max.) 
3.5%  NaCl  Environment  and  Faat  Loading  Frequency 
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Fig.  D-17  Normalized  CracJc  Growth  Results  (a^  =  0.01") 
for  7075-T7651  Aluminum  Dog-Bone  Specimens 
(Open  Hole;  Dia  ■  0.500")  Tested  Using;  F-18 
300  Hour  (Block)  Spectrum  (across  *  28  *si  Max.), 
3.5%  NaCl  Environment  and  Fast  Loading  Frequency. 
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APPENDIX  E 


DESCRIPTION  OF  LOCAL-STRAIN  COMPUTER  PROGRAM  (BROSE) 

E.l  INTRODUCTION 

The  local  strain  analysis  computer  program  described 
herein  was  used  to  predict  the  time-to-crack-initiation 
(TTCI)  tor  various  dog-bone  specimen  configurations. 
Essential  features  and  capabilities  of  the  computer  program 
are  briefly  described  herein  and  details  are  described  in 
Ref.  45.  Example  input/output  is  presented  to  show  the 
features  of  the  program.  A  complete  listing  of  the  computer 
program  can  be  obtained  from  Dr.  Y.  T.  Wu  of  the  University 
of  Arizona. 

A  general  purpose  local  strain  analysis  computer  program 
was  developed  by  Dr.  W.  R.  Brose  as  a  M.S.  thesis  in  the 
Department  of  Theoretical  and  Applied  Mechanics  at  the 
University  of  Illinois.  This  program  was  later  modified  by 
Scott  Martindale  and  Yih-Tsuen  Wu  while  graduate  students  at 
the  University  of  Arizona  under  Dr.  Paul  H.  Wirsching.  The 
updated  version  of  the  local  strain  analysis  program  was 
rehosted  at  General  Dynamics/Fort  Worth  Division  for  use  on 
the  VAX  11/780. 
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E . 2  PROGRAM  CAPABILITIES 

The  local  strain  analysis  program  can  be  used  to  predict 
the  time-to-f ailure  ( TTF )  or  the  TTCI  in  notches  or  fastener 
holes  where  cyclic  plasticity  is  a  possibility.  Also,  the 
program  applies  to  either  constant  amplitude  or  random 
loading.  It  also  features  two  options  for  estimating  the 
local  notch  stress-strain  behavior: 

(1)  Neuber's  rule  [48]  and  (2)  generalized  Neuber's  rule 

proposed  by  T.  Seeger  and  P.  Heuler  [50]  .  The  effects 
of  cyclic  mean  stresses  on  the  TTF  or  TTCI  can  also 
be  accounted  for.  The  rain-flow  cycle  counting  scheme 
is  used  for  spectrum  load  history  [e.g.,  28]. 

A  typical  problem  for  predicting  the  TTCI  in  a  fastener 
hole  using  the  local  strain  analysis  approach  is  illustrated 
in  Fig.  E.l.  Typical  input  output  for  the  computer  program 
is  presented  in  Table  E-l. 

E.3  SUMMARY  OF  ESSENTIAL  EQUATION  USED  IN  LOCAL 
STRAIN  ANALYSIS  COMPUTER  PROGRAM 

For  reference  purposes,  the  main  equations  reflected  in 
computer  program  BROSE  are  summarized  below: 
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Table  E-l  Typical  Input/Output  For  Local  Strain 
Analysis  Computer  Program  (BROSE) 


Suantry  of  fnput  Oat* 


Version  2s  The  load-strain  relation  is  generated  using  Neuter’s  rule. 

A  correction  for  the  effect  of  seen  stress  Is  employed 
Number  of  terms  in  stress-strain  range  100 


Mater  I  a  1 


7075-t7651  Aluminum  Average  Values  (DRY) 


Elastic  Modulus  (ksl>  -  18300. 

Fatigue  Strength  Coefficient  (ksl)  ■  247.5 
Fatigue  Strength  Exponent  *-0.1585 

Fatigue  Ductility  Coefficient  ■  3.414 

Fatigue  Ductility  Exponent  *-1.2049 

Cyclic  Strength  Coefficient  “  104.9 

Cyclic  Strain  Hardening  Exponent  *  0.103 


Data  for  Neuber's  rules  Kt  « 
Mean  Stress  Factor  Km  ■  1.000 


3.430  F ( 1 N**-2  ) 


1  .000 


S  jmma-y  of  Fatigue  Life  Predictions 

Version  2:  TNe  load-strain  relation  Is  generated  using  Neuber's  rule. 
A  correction  for  the  effect  of  mean  stress  la  employed 
Material  7075-t7651  Aluminum  Average  Values  (DRY) 

Oats  *  or  iieuber  ’  s  rules  Kt  ■  3.430  F<IN**-2>  ■  1.000 

History  F-18  Fighter  Spectrum 
Load  Scale  Factor  -  353.0000 

Damage  -  0.0396 

Predicted  Life  In  blocks  ■  25  89 

Predicted  Life  in  cycles  ■  0.3892E*0S 
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Table  E-l  Typical  Input/Output  For  Local  Strain 
Analysis  Computer  Program  (BROSE) 
(Continued) 
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general  Strain  Life  Curve 
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(2Nf) 


+  z 


(2Nf) 


(  E-l  ) 


where  6 

Ci 

E 


/ 


strain  amplitude 

Modulus  of  Elasticity 

Fatigue  strength  coefficient 

Fatigue  strength  exponent 

Fatigue  ductility  coefficient 

Fatigue  ductility  exponent 

Number  of  cycles  to  failure  or  initiation 


When  the  mean  stress,  <TQ>  must  be  accounted  for  use  Manson's 
formulation  C83}  given  by  Eq.  E-2. 


r<rf  •  Km 
r  m 
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(2N  )' 
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Of 


c/b 


(E-2) 


In  Eq.  E-2,  Km  is  the  mean  stress  factor,  equal  to  unity  in 
Morrow's  model  C8 43  . 
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N  jber 1  s  Rule  [49J 


The  rule  correlates  nominal  stress  S  and  nominal  strain 


e  and  local  stress-strain  behavior. 


o  s  =  Se 


(e-3; 


where  =  stress  concentration  factor 
CT  3  Local  stress  amplitude 


If  the  gross  deformation  at  the  notch  is  elastic,  Eq.  E-3 


becomes 


-(¥) 


(E-4) 


Generalized  Neuber  Rule  by  Seeger  and  H-uler[50] 


Use  Eq.  E-5  when  nonlinear  net  section  behavior  has  to 
be  considered: 


az  =  (S2Kfc2/E) (e*E/S*) 


In  Eq.  E-5,  e*  =  modified  nominal  strain  and  S*  =  modified 
nominal  stress 
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Cyclic  Stress-Strain  Curve 


1/n' 

s  =  a/E  +  (7^) 


(  E-6  ) 


where  n'  =  cyclic  strain  hardening  exponent  and  K7  =  cyclic 
strength  coefficient. 


TAU1.E  I-  0  SUMMARY  OF  CONSTANTS  IN  Kt  =  (A(TTCI)  CO  It  TTCI 
< *»  -  -  0.01")  I*  REl> I CT I ONS  FOR  7075-T7651  ALUMINUM 
RASED  ON:  LOCAL  STRAIN  ANALYSIS,  F-18  300  HOUR 
(OLOCK)  SPECTRUM  ("C")  ANl>  1,(;rqSS  =  28  KSI 


TAliLL  F-  5  SUMMARY  OF  CONSTANTS  JN  Kfc  -  A(TTCI)  FOR  TTC ( 

(ai  -  0.01“)  PREDICTIONS  FOR  7075-T7651  ALUMINUM 
HAS  LI)  ON:  LOCAL  STRAIN  ANALYSIS,  F-18  300  HOUR 
(RANDOM)  SPECTRUM  ("B")  AND  uGROSS  =  28  ksi 


TABLE  F-4  SUHMAKY  OK  CONSTANTS  IN  Kt  -  A(TTCI)  FOR  TTCI  (a*  =  0.01“) 
PREDICTIONS  KOH  7075-T765I  AI.UMINOH  BASED  ON:  I.OCAL  STRAIN 
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Table  F-3  Example  Output  from  Strain-Life  Computer  Program 
(Generalized  Neuber  Rule  Option)  (Cont’d) 

Strain  -  Ufa  fatlgua  Analysis 
f  16/D 
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Table  F-2  Example  Output  from  Strain-Life  Computer 
Program  (Neuber's  Rule  Option)  (cont'd) 
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the  corrosion  fatigue  tests  performed  in  Phase  II.  TTCI 
predictions  were  made  for  both  Neuber's  rule  [48]  and  the 
generalized  Neuber  rule  proposed  by  Seeger  and  Heuler[50]  for 
spectrum  "A"  (F-16  400  hour  block). 

Local  strain  analysis  results  for  different  assumed 
effective  Kt  values  are  summarized  in  Table  F-l  for  the  F-16 
400  hour  block  spectrum  ("A")  for  both  the  dry  air  and  3.5% 
NaCl  environments.  TTCI  predictions  (aQ  =  0.01")  are  shown 
for  the  average  as  well  as  the  95%  scatter  band  (referred  to 
as  upper  and  lower  bound  TTCI  predictions).  Example  computer 
output  for  the  strain  life  analysis  are  shown  in  Table  F-2 
and  F-3  based  on  Neuber's  rule  and  the  generalized  Neuber 
rule,  respectively.  As  shown  in  Table  F-2,  there  were  no 
significant  differences  in  the  TTCI  results  for  the  two 
versions  of  Neuber's  rule. 

Strain  analysis  results  for  TTCI  based  on  selected 
effective  stress  concentration  factors  are  summarized  in 
Table  F-4  through  F-6  for  load  spectra  "A",  "B"  and  "C", 
respectively.  TTCI  predictions  are  shown  for  both  the  dry  air 
and  3.5%  NaCl  environments  for  three  different  strain  life 
allowable  curves,  i.e.,  average  and  the  95%  confidence 
interval  (Ref.  Appendix  A). 

Normally,  the  same  effective  Kt  values  (assumed)  should 
be  used  for  different  load  spectra  in  the  strain  life 
analysis.  However,  in  the  case  of  load  spectra  "B"  and  "C" 
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F . 2  STRAIN  LIFE  ANALYSIS  RESULTS 


Strain  life  analyses  were  performed  using  computer 
program  "BROSE",  described  in  Appendix  E  and  Ref.  45. 
predictions  were  made  for  TTCI  (aQ  =  0.01")  for  7075-T7651 
aluminum  different  effective  values,  three  load  spectra 

("A",  "B"  and  "C"),  and  both  dry  air  and  3.5%  NaCl 

environments . 


Strain  life  allowables  from  Appendix  A  were  used. 
These  allowables  reflected  the  mean  as  well  as  the  95% 
scatter  bond  extremes.  Applicable  strain  life  allowables  and 
selected  effective  values  were  used  to  predict  the  TTCI 
mean  and  to  estimate  the  extreme  values  (referred  to  as  upper 
and  lower  bounds).  The  TTCI  predictions  were  used  to 
determine  effective  Kt  versus  TTCI  relationships  (in  Section 
F.3)  for  the  three  load  spectra  considered. 


Strain-life  analyses  were  performed  using  CJ^et  =  35.8 

ksi  (or  *  28  ksi)*  for  each  of  the  three  load  spectra 

Gross 

considered.  ^ross  =  ksi  *s  tne  baseline  stress  used  for 


‘Maximum  gross  stress  in  the  spectrum.  The  more  usual 

practice  specified  0"  as  the  "design  stress"  and  the 

gross 

maximum  value  is  scaled  by  an  "overload  factor"  in  the 
spectrum . 


*»! 
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APPENDIX  F 

CORROSION  FATIGUE  CRACK  INITIATION  ANALYSIS  DETAILS 

F.l  INTRODUCTION 

The  corrosion  fatigue  VCF)  crack  initiation  methodology 
recommended  for  application  to  the  7000-series  aluminum  alloy 
in  the  over-aged  condition  is  described  in  Section  5.3  and 
essential  details  are  given  in  Fig.  15.  In  this  Appendix, 
further  details  and  insight  are  given  about  implementing  the 
CF  crack  initiation  methodology.  Specifically,  the  following 
details  are  presented  in  this  Appendix:  (1)  strain  life 

analysis  predictions  are  presented,  including  typical  output 
from  computer  program  "BROSE",  (2)  how  to  determine  an 
effective  versus  time-to-crack-initiation  (TTCI) 

relationship,  using  a  simple  power  law,  based  on  the  average 
and  extreme  strain  life  allowables,  (3)  describe  and 
illustrate  how  to  determine  Kt(0)  and  Kt(LT),  and  (4) 
illustrate  how  to  determine  the  environmental  scaling  factor 
for  crack  initiation  based  on  constant  amplitude  fatigue  test 
results . 


F-2 
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preliminary  strain  life  analysis  results  were  available  for 
specific  effective  Kfc  values  (i.e.,  3.02,  3.18,  3.25  and 
3.43).  Therefore,  these  effective  k  values  and  applicable 
strain  life  analysis  results  were  used  herein  to  establish 
effective  K  relationships  for  load  spectra  "B"  and  "C"  based 
on  Eq .  F-l . 


B 


p.' 


F.3  EFFECTIVE  RELATIONSHIPS 

The  relationship  between  effective  Kfc  and  TTCI  is 
needed  to:  (1)  scale  or  tune  the  initial  strain  life 
predictions  for  TTCI  (based  on  smooth,  un-notch  strain 
controlled  data)  using  dog-bone  test  results,  and  (2)  make 
TTCI  predictions  for  different  dog-bone  specimen 
configurations . 

Two  suggested  ways  to  determine  the  effective  Kt  and 
TTCI  relationship  are:  (1)  simply  plot  the  results  of  the 
strain  life  analysis  (i.e.,  effective  Kt  versus  TTCI)  and 
determine  the  desired  relationship  graphically  and  (2)  use  a 
suitable  empirical  relationship  and  determine  the  constants 
using  the  strain  life  analysis  results  (e.g.,  Table  F-l). 


A 

y.' 


k.‘ 
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The  simple  power  law  relationship  for  effective  Kt, 
given  in  Eq .  F-l,-  worked  very  well  for  the  three  load  spectra 
considered  under  this  program.  In  Eq .  F-l,  A  and  B  are 
empirical  constants. 

Effective  Kt  =  A(TTCI)B  (F-l) 

Strain  life  predictions  for  assumed  effective  stress 
concentrations  (e.g.,  Table  F-l)  can  be  used  to  evaluate  the 
constants  A  and  B  in  Eq .  F-l. 


Equation  F-l  was  transformed  into  a  linear  least  square  fit 
form  by  taking  the  log  of  both  sides  of  the  equation.  The 
constants  A  and  B  in  Eq.  F-l  were  determined  for  both  dry  air 
and  3.5%  NaCl  environments  and  for  three  load  spectra  using  a 
least  squares  fit  procedure.  A  and  B  values  were  determined 
using  the  strain  life  analysis  results  based  on  the  average 
and  extreme  (i.e.,  upper  and  lower  bounds)  strain  life 
allowables  (Ref.  Appendix  A).  The  resulting  A  and  b 
constants  in  Eq.  F-l  are  summarized  in  Table  F-4  through  F-6 
for  load  spectra  "A",  "B"  and  "C" ,  respectively.  Effective 
Kt  versus  TTCI  ( aQ  =  0.01")  predictions  from  Table  F-l  are 
plotted  in  a  ln-ln  format  in  Fig.  F-l  and  F-2  for  dry  air  and 
3.5%  NaCl  environments,  respectively.  Similar  plots  were 


F-16 


Cttuclivu  K  Versus  TTU  |a.-u.u.  ,  - - 

A 1  uni i  mini  liused  on:  Strain^Llfe  Analysis,  1  16  400 
Hour  S|»eol  i  mil,  d(;ross  ~  (Max. I,  and  J.54  NaCl 

linv  i  roiiintuit 
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made  for  load  spectra  "B"  and  "C".  In  all  cases,  an 
excellent  fit  was  obtained  using  Eq.  F-l .  The  results  shown 
in  Tables  F-4  through  F-6  were  used  to  "tune"  or  scale  the 
strain  life  analysis  using  actual  dog-bone  specimen  spectrum 
fatigue  test  results  from  volume  iv  [24]. 


F . 4  STRAIN  LIFE  ANALYSIS  SCALING 


The  strain  life  analysis  needs  to  be  scaled  or  tuned  to 
dog-bone  specimen  test  results  (for  a  baseline  joint 
configuration,  e  .g  .  ,  open  hole  case)  for  a  baseline  load 
spectrum  ("A")  and  environment  ( e  .g . ,  dry  air).  This  step  is 
essential  before  TTCI  predictions  can  be  made  for  a  different 
set  of  conditions  (e.g.,  stress  level,  load  spectra,  %  bolt 
load  transfer)  .  The  baseline  scaling  factor  for  the  open 
hole  case  is  denoted  as  Kt(0). 


A  method  is  illustrated  in 
the  strain  life  analysis  results 
Also,  it  will  be  shown  that  the 
independent  of  the  load  spectra  and 


this  section  for 
for  a  given  load 
scaling  factor  K 
environment . 


seal i ng 
spectra . 
t  (  0 )  ,  is 


_  1  Ci 
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Scaling  factors  can  be  determined  using  the  applicable 
effective  versus  TTCI  relationship  (Tables  F-4  through 
F-6)  and  the  TTCI  test  results  (i.e.,  average,  low  and  high) 
for  selected  dog-bone  specimen  data  sets  (Tables  F-7  through 
F-9).  For  comparison  purposes,  test  results  for  the  same 
loading  frequently  will  be  used. 


The  low,  average  and  high  TTCI  ( aQ  =  0.01")  test 
results  for  selected  data  sets  are  summarized  in  Table  F-10 
for  three  load  spectra.  These  values  were  obtained  from 
Tables  F-7  through  F-9.  The  baseline  scaling  factor,  Tt(0), 
for  each  data  set  is  obtained  by  substituting  the  applicable 
TTCI  test  results  (i.e.,  low,  average  or  high)  in  Eq.  F-l  and 
using  the  applicable  A  and  B  constants  from  Tables  F-4 
through  F-6.  For  example,  the  scaling  factor  for  the 
A-28/F/D  (open  hole,  spectrum  "A",  fast  freq.-,  dry)  data  set, 
based  on  the  average  TTCI  result  of  13,200  flight  hours,  is 
SF  =  4 .842( 13  .2  )"°  ’ 159  =  3.21.  The  constants  A  =  4.842  and  B 
=  -0.159  were  obtained  from  Table  F-4.  The  resulting  scaling 
factors  for  various  experimental  data  sets  are  summarized  in 
Table  F-10  for  the  dry  air  and  3.5%  NaCl  environments  for 
three  load  spectra. 


The  following  observations  are  based  on  the  results 
summarized  in  Table  F-10: 


1.  Environment  does  not  have  a  significant  effect  on 
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the  scaling  factor,  Kt(0)  for  the  aluminum  alloy  considered 
( 7075-T7651 ) .  For  example,  compare  the  scaling  factors  based 
on  the  average  TTCI  results  for  the  dry  air  (D)  and  3.5%  NaCl 
(W)  environments.  There  is  no  significant  difference  in  the 
k"j_  ( 0 )  values  for  the  three  load  spectra  considered. 

2.  Since  the  scaling  facte*  is  independent  of  the 
environment  (dry  air  and  3.5%  NaCl),  this  supports  the 
conclusion  that  there  is  no  significant  synergistic  effect  of 
the  environment  on  crack  initiation  for  this  alloy  (i.e, 
7075-T7651  aluminum) . 

F  .  5  EFFECTIVE  fC (  LT )  FOR  BOLT  LOAD  TRANSFER 

To  account  for  the  effects  of  bolt  load  transfer  in  the 
strain  life  analysis  predictions  for  TTCI,  the  baseline 
effective  stress  concentration  factor  "k  t  ( 0 )  ,  is  scaled  up. 
This  scaled  up  Kt(0)  value  denoted  by  "k t (  LT )  ,  can  be 
estimated  using  Eq.  11  in  subsection  5.3.5.  procedures  are 
illustrated  in  this  section  for  determining:  (1)  K  ^  0 )  and 
K<J-(LT)  in  Eq.  11  and  (2)  K"t(LT)  for  20%  and  40%  load  transfer 
cases . 
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K  0  )  and  KC-(LT)  values  were  "estimated"  for  four 
specimen  configurations  (i.e.,  open  hole,  20%  LT ,  40%  LT  and 
100%  LT) .  Detailed  procedures  are  given  in  subsection  5.3.5. 
The  results  are  based  on  W  =  2.00"  »  d  =  0.4375",  CTj.  =  28  ksi 
(same  baseline  stress  used  in  Phase  II  test  program), 
7075-T7651  aluminum  and  LT  =  0,  0.2,  0.4  and  1.0.  The 
following  values  for  n*  and  K  were  used  in  Eq.  F-13:  n’  = 
0.103  and  K  =  104.9  (Ref.  Appendix  A).  Kq-(LT)  values 
obtained  and  the  resulting  k<j(  LT ) /K^  o )  ratios  are 
summarized  in  Table  F-ll.  The  K g_(  lt) /Kg-  ( 0)  ratios  were 
used  in  Table  12  to  compute  the  Kfc(LT)  values  needed  to  make 
TTCI  predictions  for  various  dog-bone  specimen 
configurations . 

Scaling  factors,  Tt(LT),  are  presented  in  this  section 
for  calibrating  the  strain  life  anal^is  .  for  particular 
dog-bone  specimen  configurations  (i.e.,  open  hole,  LT  =  0.2, 
0.4  and  1.0).  The  results  herein  were  used  to  make  TTCI 
predictions  for  selected  dog-bone  specimen  geometries  and  % 
bolt  load  transfers  (see  subsection  5.7.2).  The  scaling 
factors  account  for  the  effects  of  bolt  load  transfer  in  the 
strain  life  analysis.  The  objective  is  to  determine  the 
scaling  factor  for  a  given  baseline  spectrum  for  the  open 
hole  case  -  then  modify  the  scaling  factor  to  account  for  the 
effects  of  bolt  load  transfer. 

Scaling  factors  for  Ffc(LT)  are  summarized  in  Table  F-12 


Table  F-ll  Summary  of  Kq-ILT)  Values  for  7075-T7651  Aluminum 
(W  -  2.00",  d  =  0.4375") 


Table  F-12  Summary  cf  (LT)  Scaling  Factors  for 
Strain  Life  Analysis  Predictions  for 
TTCI 


SPECIMEN 

CONFIGURATION 

BASELINE 

SPECTRUM 

< 

K g.  (LT) 

K  (LT)  =  K.  (0)  (LT) 

k«t  (0) 

fc  (0) 

OPEN  HOLE 

"a 

ii 

1.000 

3.12 

20%  LT 

1.038 

3.24 

40%  LT 

1.066 

3  .32 

100%  LT 

f 

1.133 

3  .53 

OPEN  HOLE 

"B" 

1.000 

3 . 02 

20%  LT 

1.038 

3 . 13 

40%  LT 

1.066 

3  .  22 

100%  LT 

1.133 

3  .  42 

OPEN  HOLE 

"C" 

1.000 

2.94 

20%  LT 

! 

1.038 

3  .  05 

40%  LT 

i 

1.066 

3.13 

100%  LT 

\ 

1.133 

3  .33 

Note:  Kfc(lT)  values  are  shown  for  load  spectra  "A,"  "3" 

and  "C."  In  most  cases  results  for  determining 
Kfa(Q)  will  be  available  for  only  the  baseline 
environment- ( e . g . ,  dry  air),  geometry  and  load 
spectrum.  K  (LT)  values  are  shown  here  for  all 
three  spectra  because  we  want  to  show  that 
reasonable  TTCI  predictions  for  one  load  spectrum 
can  be'  made  using  the  baseline  K  (0)  value  based 
on  another  load  spectrum. 
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Table  11-1 


MAX  LOAD  % 

-35.00 

-30.00 

-25.00 

-20.00 

-15.00 

-10.00 

-5.00 

0.00 

5.00 

10.00 

15.00 

20.00 

25.00 

30.00 

35.00 

40.00 

45.00 

50.00 

55.00 

60.00 

65.00 

70.00 

75.00 

80.00 

85.00 

90.00 

95.00 

100.00 


Load  Summary  for  the 
400  Hour  Spectrum  "A" 


MIN  LOAD  % 

-30.10 

-25.10 

-20.10 

-15.10 

-10.10 

-5.10 

-0.10 

0.00 

0.10 

5.10 

10.10 

15.10 

20.10 

25.10 

30.10 

35.10 

40.10 

45.10 

50.10 

55.10 

60.10 

65.10 

70.10 

75.10 

80.10 

85.10 

90.10 

95.10 


No.  of 

Load  Points/8000 
Flight  Hours 

60 

0 

60 
80 
200 
440 
3684 
10187 
2880 
59360 
312566 
920 
3780 
81300 
100222  « 

39024 

66050 

16526 

35585 

18770 

1700 

8980 

1950 

551 

640 

0 

208 

24 
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APPENDIX  H 

LOAD  SPECTRA  DESCRIPTIONS  AND  COMPARISONS 


Three  load  spectra  were  used  to  test  7075-T7651  aluminum 
dog-bone  specimens  in  Phase  II:  (1)  F-16  400  hour  (hi-lo 
block),  (2)  F-18  300  hour  (random),  and  (3)  F-18  300  hour 
(hi-lo  block).  These  load  spectra,  referred  to  as  spectrum 
"A",  "B"  and  "C",  respectively,  were  also  used  to  perform 
corrosion  fatigue  analysis  predictions  for  TTCI  (a^  =  0.01") 
and  TFCG .  The  purpose  of  this  section  is  to  describe  the 
three  load  spectra  used  for  this  program. 

The  F-16  400  hour  (hi-lo  block)  spectrum  "A",  a 
wing-root  bending  spectrum,  has  been  used  extensively  at  the 
General  Dynamics,  Fort  Worth  Division,  for  F-16  preliminary 
development  tests  and  other  structural  research  programs 
[25,26].  Maximum  and  minimum  percent  loads  versus  number  of 
load  points  per  3000  flight  hours  are  summarized  in  Table  H-l 
for  this  spectrum. 

An  F-18  300  hour  spectrum,  a  modified  wing  spectrum,  was 
provided  by  the  Naval  Air  Development  Center  (Warminster,  PA) 
for  this  program.  Maximum  and  minimum  percent  loads  versus 
number  of  load  cycles  per  300  flight  hours  are  shown  in  Table 
H-2  for  this  spectrum  (referred  to  as  " NADC" ) ..  The  maximum 
compressive  load  in  this  spectrum  was  limited  to  the  same 
percentage  of  the  maximum  tension  load  as  that  for  spectrum 


H-l 
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TABLE  G-2  DESCRIPTION  OF  STANDARD  STRESS  INTENSITY  FACTORS 


SUBBT  Number 

Description 

l 

Constant  Front  Face  Correction  (Input  Value) 

2 

Front  Face  Correction  -  Kobyashi's  Equation 

3 

Back  Face  Correction  -  Newman’s  Equation 

4 

Newman's  Combined  Front  and  Back  Face  Correction  -  Tension 

5 

Newman’s  Combined  Front  and  Back  Face  Correction  -  Bending 

6 

Part -Thru  Flaw  Finite  Width  Correction 

7 

Thru-Thickness  Flaw  Finite  Width  Correction 

8 

Part-Thru  Flaw  Emanating  From  A  Fastener  Hole  -  Tension 

9 

Part-Thru  Flaw  Angular  Correction 

10 

Back  Face  Correction  For  Crack  At  A  Hole 

11 

Part-Thru  Flaw  Emanating  From  A  Fastener  Hole-  Bearing 

12 

Correction  for  Double  Part  Thru  Crack  At  A  Hole 

13 

Thru-Thickness  Flaw  At  A  Hole  -  Tension 

14 

Thru-Thickness  Flaw  At  A  Hole-  Bearing 

15 

Corner  Crack  Correction  -  LIU’s  EQ 

IS 

Constant  Multiplier  (Input  Variables)  T<.  Surface  Or  Depth 

17 

GKT  -  Exponential  Correction 

18-20 

Input  Tabular  Correction 

21 

Edge  Crack  Correction  (Tada) 

22 

Newman  Finite  Width  -  Part  Through  aw  At  A  Hole 
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TABLE  G-l  DESCRIPTION  OF  STANDARD  GEOMETRY  TYPES 


ICASB 

Number 

Specific  Factors 

Combined  -  Table  G  -  2 

General  Structural  Arrangement 
Description 

1 

1,3,6 

Part-Thru  Surface  Flaw 
(Constant  Front  Face  Correction) 

2 

2,3,6 

Part-Thru  Surface  Ftaw 
(Equation  Front  Face  Correction) 

3 

4.6 

Part-Thru  Surface  Flaw 
(Newman-Tension) 

4 

3 ,6 

Part-Thru  Surface  Flaw 
(Newman-Bending) 

5 

7 

Thru  Thickness  Surface  Flaw 

6 

1,8,9, 10, 1*2,22 

Comer  Flaw  At  A  Hole 
(Tension) 

7 

1,9,10,11,12,22 

Corner  Flaw  At  A  Hole 
(Searing) 

3 

1,3,9.10,11,12,22 

Corner  Flaw  At  A  Hole 
("ension  *  Bearing) 

9 

7,13 

Thru  Thickness  Flaw  At  A  Hole 
(Tension) 

10 

7,14 

Thru  Thickness  Flaw  At  A  Hole 
(Bearing) 

11 

7.13,14 

Thru  Thickness  Flaw  At  A  Hole 
(Tension  *  Bearing) 

12 

6,15 

Corner  Flaw  At  An  Edge 

13 

21 

Thru-Thickness  Flaw  At  An  Edge 

14 

Combination  of  Any 

Input  Values 

(nput  Case  (Part-Thru  Flaw) 

(Does  Not  Transition)  . 

13 

Combination  of  Any 

Input  Values 

Input  Case  (Thru-Thickness  Flaw) 
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Standard  crack  geometry  types  and  stress  intensity 
factors  available  are  shown  in  Tables  G-l  and  G-2, 
respectively.  The  program  accounts  for  the  transition  of  a 
part-through  crack  to  a  through- the- th ickness  crack. 

A  superposition  method  [92,93]  is  used  to  determine  the 
stress  intensity  factor  for  through- tens  ion  stress  and  for 
bolt  hole  bearing  stress  combinations  for  both  part-through 
and  through- the- thickness  cracks  in  a  fastener  hole.  Refer 
to  subsection  5.4.6,  Eq.  14  and  Fig.  19  herein  for  further 
details . 

Either  a  magnetic  tape  or  cards  can  be  used  to  input  the 
load  spectrum.  Example  output  from  the  RXN  crack  growth 
computer  program  is  shown  in  Table  G-3.  Refer  to  Ref.  67  for 
further  details. 


G-3 
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Fig..  G-I  Deterministic  Crack  Growth  Concept 
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APPENDIX  G 

DESCRIPTION  OF  ANALYTICAL  CRACK  GROWTH 
COMPUTER  PROGRAM  RXN 

A  general  purpose  analytical  crack  growth  program, 
developed  by  General  Dynamics,  was  used  to  make  corrosion 
fatigue  crack  growth  predictions  for  mechanically-fastened 
joints  under  this  program  (Ref.  Sebsection  5.7.3).  This 
state-of-the-art  crack  growth  computer  program  (RXN)  has  been 
used  extensively  at  the  General  Dynamics/Fort  Worth  Division 
for  durability  and  damage  tolerance  analyses  [e.g.  64,  65]. 

A  brief  description  of  the  RXN  computer  program  and 
capabilities  are  given  in  this  appendix  and  details  are 
documented  elsewhere  [67]  . 

RXN  is  a  deterministic  crack  growth  (Fig.  G-l)  program 

with  several  capabilities  and  user  options.  For  example,  the 

user  has  four  retardation  procedure  options:  (1)  zero- 

retardation,  (2)  Wheeler  retardation,  (3)  Modified  Willenborg 

retardation  and  (4)  Rockwell  retardation  (acceleration).  The 

following  options  for  computing  the  crack  growth  rate  are 

available:  (1)  Paris,  (2)  Forman,  (3)  Modified  Forman, 

(4)  Wa 1 ke r-K_ _ „ ,  (5)  Interpolation  of  tabular  input,  (6) 
m  ci  x 

Walker-AK  and  (7)  Rockwel 1-Chang  . 


T7651  Alumi 
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Average  ESI' 
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a  fastener  hole  in  a  dry  air  and  3.5%  NaCl  environment, 
respect i vely . 

Environmental  scaling  factors  for  comparable  data  sets 
are  summarized  in  Table  F-13.  An  average  ESF  of  2.11  was 
obtained  for  all  the  data  sets  combined  in  Table  F-13  and  the 
C.O.V.  was  33.2%.  The  95%  conficence  interval  for  the  mean 
ESF  ranged  from  1.46  to  2.76.  This  is  very  interesting, 
because  an  average  ESF  of  2.08  and  95%  confidence  interval 
for  the  mean  ESF  ranged  from  1.38  to  2.78  based  on  spectrum 
fatigue  test  results  (see  subsection  5. 7. 2. 2). 
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air )  . 


The  basic  objective  of  this  section  is  to  determine  the 
average  ESF  and  to  estimate  the  95%  confidence  interval  using 
constant  amplitude  fatigue  data.  How  does  the  resulting  ESF 
based  on  CF  crack  initiation  results  compare  with  the  ESF 
based  on  spectrum  fatigue  crack  initiation  and  crack 
propagation  results?  The  ESF  determined  herein  was  used  to 
make  TTCI  predictions  for  a  3.5%  NaCl  environment  based  on 
the  predictions  for  a  dry  air  environment  (see  subsection 
5.7.2,  case  IV) . 


Considerable  data  have  been  acquired  under  this  program 
for  determining  the  effects  of  a  3.5%  NaCl  environment  on 
crack  initiation  in  fastener  holes  for  7075-T7651  aluminum 
(e.g..  Ref.  vol .  I  and  Vol .  IV).  Selected  constant  amplitude 
test  results  for  dog-bone  specimens  with  a  center  open  hole 
for  both  dry  air  and  3.5%  NaCl  environments  were  used  to 
determine  the  ESFs.  The  environmental  scaling  factors  were 
determined  using  test  results  from  volumes  I  and  IV  for  the 
same  loading  frequency  and  comparable  stress  levels.  The 
environmental  scaling  factors  were  based  on  Eq.  F-2, 


•  ESF 


( Ave  .  N^dry 
(Ave.  N ^ ) wet 


(  F-2) 


where:  (Average  N^)^ry  and  (Average  N^)wet  is  the  average 

number  of  cycles  (or  reversals)  to  initiate  a  0.01"  crack  in 
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for  t hree  load  spectra.  These  factors  are  based  on  the 
average  scaling  factor  for  the  dry  and  3.5%  NaCl  environments 
shown  in  Table  F-10,  the  k^.  (  LT ) /Kg-i  0 )  ratios  of  Table  F-ll 
and  Eq.  11.  For  example,  the  Kt(LT)  values  in  Table  F-12  for 
baseline  ■  oectrum  "A"  were  determined  as  follows.  The 
average  K t ( 0 )  for  the  open  hole  case,  based  on  A-28/F/D  (dry) 
and  A-28/F/W  (3.5%  NaCl)  data  sets,  is  (3.21  +  3.02)/2  =  3.12 
(see  Table  F-12,  top  value  in  last  column).  Then,  the  Ft(LT) 
values  for  the  other  bolt  load  transfer  cases  were  determined 
using  Eq .  11  as  follows:  (1)  20%  LT;  fTt(LT  =  0.2)  =  3.12  x 
1.038  =  3.24,  (2)  40%  LT;  K '  ( LT  =  0.4)  =  3.12  x  1.066  =  3.32 
and  (3)  100%  LT;  Kt<LT  =  1.0  )  =  3.12  x  1.133  =  3.53  .  k".  (  LT ) 
values  for  load  spectra  "B"  and  "C"  were  determined  in  a 
similar  manner. 


F.6  EVALUATION  OF  ENVIRONMENTAL  SCALING  FACTORS 
FOR  CRACK  INITIATION 

Environmental  scaling  factors  ( ESF )  based  on  constant 
amplitude  fatigue  test  results  from  Volume  I  [22]  are 
presented  in  this  section.  The  ESFs  are  based  on  CF  crack 
initiation  results  for  7075-T7651  Alumunim  fatigue  tests  and 
two  environments  (i.e.,  dry  air  and  3.5%  NaCl).  If  there  is 
no  significant  synergistic  effect  between  the 
mechanical- load i ng  and  environment,  then  it  will  be  feasible 
to  estimate  the  TTCI  for  a  wet  environment  (e.g.,  3.5%  NaCl) 


based  on  the  TTCI  prediction  for  a  baseline  environment  (dry 
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Table  H-2 

Load  Summary  for  the  NADC 
Spectrum  ("NADC") 

F-18 

MAX  LOAD  * 

MIN  LOAD  % 

NO. 

CYCLE 

100.00 

0.00 

100.00 

20.00 

100.00 

30.00 

90. 00 

-20.00 

90.00 

0.00 

1( 

90.00 

10.00 

90.00 

20.00 

90.00 

30.00 

80.00 

-30.00 

80.00 

-10.00 

80.00 

0.00 

1 

80.00 

10.00 

1 

80.00 

20.00 

2 

80.00 

30.00 

70.00 

-20.00 

70.00 

-10.00 

70.00 

0.00 

5 

70.00 

10.00 

4 

70.00 

20.00 

4 

70.00 

30.00 

1 

70.00 

40.00 

60.00 

-20.00 

60.00 

-10.00 

2 

60.00 

0.00 

13 

60.00 

10.00 

12 

60.00 

20.00 

9 

60.00 

30.00 

50.00 

-30.00 

50.00 

-20.00 

50.00 

-10.00 

3 

50.00 

0.00 

20 

50.00 

10.00 

19 

50.00 

20.00 

5 

40.00 

-20.00 

40.00 

-10.00 

3 

40.00 

0.00 

12 

40.00 

10.00 

6 

30.00 

-20.00 

30.00 

-10 . 00 

2 

30.00 

0.00 

7 

A 

r 


s;.- 


<w  - 

K\- 
O  ■ 


NADC -8  3126-60- Vo  1 .  Ill 

"A”  so  that  the  dog-bone  specimens  could  be  fatigue  tested  in 
load  frames  without  special  lateral  support. 

Two  different  load  history  simulations  of  the  " NADC" 
load  spectrum  were  used  to  investigate  the  possible  effect  of 
loading  sequence.  The  two  variations  of  the  "NADC"  spectrum 
were:  (1)  loads  were  randomized  into  a  300  hour  hi-lo  block 
(referred  to  as  spectrum  "B")  and  (2)  loads  were  formatted 
into  a  300  hour  hi-lo  block  using  the  same  format  used  to 
define  the  F-16  400  hour  (hi-lo  block)  spectrum  ("A").  A 
summary  of  the  maximum  and  minimum  percent  loads  versus 
number  of  load  cycles  per  300  flight  hours  for  load  spectra 
"B"  and  "C"  is  given  in  Tables  H-3  and  H-4,  respectively. 
Due  to  the  different  load  history  simulation  methods  used, 
there  are  small  variations  in  the  actual  load  exceedances  for 
load  spectra  "B",  "C"  and  "NADC".  For  example,  in  Table  H-5 
load  exceedances  per  300  flight  hours  are  shown  for  selected 
%  maximum  load  levels  for  the  load  spectra  "B",  "C"  and 
"NADC"  . 

For  comparison  purposes,  the  exceedances  for  load 
spectrum  "A"  were  put  on  the  same  baseline  as  those  for  load 
spectra  "B",  "C"  and  "NADC".  The  exceedances  for  load 
spectrum  "A"  were  estimated  assuming  two  load  points  per 
loading  cycle.  Exceedances  per  300  flight  hours  are  shown  in 
Table  H-5  for  the  three  load  spectra  considered  in  this 
program . 
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Table  H-3 

Load  Summary  for  the  F-18 

300  Hour 

Spectrum  ("B") 

NO. 

MAX  LOAD  % 

MIN  LOAD  % 

CYCLES 

100.00 

0.00 

2 

100.00 

10.00 

1 

100.00 

20.00 

3 

100.00 

30.00 

1 

89.90 

-10.00 

1 

89.90 

0.00 

6 

89.90 

10.00 

7 

89.90 

20.00 

10 

80.00 

-30.00 

1 

80.00 

-20.00 

1 

80.00 

-10.00 

2 

80.00 

0.00 

21 

80.00 

10.00 

14 

80.00 

20.00 

13 

80.00 

30.00 

5 

70.00 

-20.00 

1 

70.00 

-10.00 

11 

70.00 

0.00 

52 

70.00 

10.00 

43 

70.00 

20.00 

41 

70.00 

30.00 

11 

70.00 

40.00 

1 

60.00 

-20.00 

5 

60.00 

-10.00 

16 

60.00 

0.00 

151 

60.00 

10.00 

143 

60.00 

20.00 

68 

60.00 

30.00 

8 

50.00 

-20.00 

3 

50.00 

-10.00 

15 

50.00 

0.00 

270 

50.00 

10.00 

139 

50.00 

20.00 

54 

50.00 

30.00 

1 

40.00 

-30.00 

1 

40.00 

-20.00 

2 

40.00 

-10.00 

13 

40.00 

0.00 

118 

40.00 

10.00 

76 

40.00 

20.00 

22 

40.00 

30.00 

3 

30.00 

-20.00 

1 

30.00 

-10.00 

3 

30.00 

0.00 

100 

30.00 

10.00 

1 

30.00 

20.00 

10 

0.00 

-20.00 

7 

0.00 

-10.00 

64 

H-5 
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Table  H-4  Load  Summary  for  the  F-18  300  Hour 
Spectrum  ("C") 


NO. 

MAX  LOAD  »  MIN  LOAD  %  CYCLES 


100.00 

0.00 

5 

100.00 

20.00 

8 

90.00 

-20.00 

1 

90.00 

0.00 

10 

90.00 

10.00 

4 

90.00 

20  •  00  . 

7 

90.00 

30.00 

1 

80.00 

-30.00 

1 

80.00 

-10.00 

4 

80.00 

0.00 

15 

80.00 

10.00 

16 

80.00 

20.00 

20 

80.00 

30.00 

5 

70.00 

-20.00 

1 

70.00 

-10.00 

4 

70.00 

0.00 

51 

70.00 

10.00 

43 

70.00 

20.00 

46 

70.00 

30.00 

17 

70.00 

40.00 

1 

60.00 

-20.00 

6 

60.00 

-10.00 

20 

60.00 

0.00 

139 

60.00 

10.00 

127 

60.00 

20.00 

91 

60.00 

30.00 

6 

50.00 

-30.00 

1 

50.00 

-20.00 

5 

50.00 

-10.00 

33 

50.00 

0.00 

202 

50.00 

10.00 

190 

50.00 

20.00 

54 

40.00 

-20.00 

2 

40.00 

-10.00 

32 

40.00 

0.00 

129 

40.00 

10.00 

67 

30.00 

-20.00 

6 

30.00 

-10.00 

29 

30.00 

0.00 

103 

NADC-83 126-60-Vol .  Ill 


Table  H-5  Comparison  of  Exceedances  per  300  Flight 
Hours  for  Selected  %  Maximum  Load  for  Load 
Spectra  "A",  "B",  "C"  and  NADC" 


%  Maximum  Load 

Exceedances/300  Flight  Hours 

_ _ 

"A" 

"B" 

"C" 

"NADC" 

91 

4.4 

7 

13 

7 

81 

16.4 

31 

36 

27 

71 

44.5 

88 

97 

88 

61 

264 

248 

260 

251 

51 

1283 

639 

649 

640 

41 

2831 

1121 

1134 

1125 

31 

5542 

1356 

1364 

1355 

21 

7037 

1542 

1502 

1493 
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In  Table  H-5,  note  that  spectrum  "A"  has  fewer 
exceedances  at  the  91%  maximum  load  level  than  either  "B", 
"C"  or  "NADC".  However,  spectrum  "A"  has  a  larger  number  of 
load  exceedances  at  the  smaller  %  maximum  load  levels.  For 
example,  at  the  21%  maximum  load  level,  load  spectrum  "A"  has 
approximately  five  times  as  many  load  exceedances  as  the 
other  spectra  shown  in  Table  H-5. 

Since  spectrum  "A"  has  fewer  numbers  of  peak  load 
exceedances  than  the  other  spectra,  this  tends  to  minimize 
the  retardation  effect  for  this  spectrum.  Moreover,  spectrum 
"A"  has  many  more  smaller  load  occurences  than  either  spectra 
" B "  or  "C"  .  This  further  diminishes  the  retardation  effect 
because  the  large  number  of  smaller  loads  promotes  crack 
growth  through  the  plastic  zone.  As  a  result  of  the  above, 
spectrum  "A"  is  more  severe  than  either  spectra  "B"  (random) 
or  "C"  (hi-lo  block).  This  observation  is  supported  by  the 
experimental  results  obtained. 

Although  spectrum  "B"  and  "C"  ooth  satisfied  the  overall 
exceedance  statistics  for  spectrum  "NADC",  spectrum  "B"  was 
clearly  more  severe  than  spectrum  "C"  .  Test  results  of  this 
program  clearly  showed  that  loading  sequence  has  an  important 
effect  on  CF  crack  propagation.  As  a  result  of  the  different 
spectrum  simulation  methods  used  for  spectra  "B"  and  "C" . 
spectrum  "C"  had  a  few  more  peak  load  occurrences  than  either 
spectrum  "A"  or  "B".  Overall,  the  exceedances  for  spectra 
"B"  and  "C"  compared  very  well.  It  is  concluded  that 


H-8 
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spectrum  "B"  is  more  severe  than  spectrum  " C" .  Experimental 
results  for  CF  crack  propagation  bear  this  out. 

Strip  chart  traces  of  the  load  history  for  the  F-16  400 
hour  (hi-lo  block),  F-18  300  hour  (random)  and  F-18  300  hour 
(hi-lo  block)  spectra  are  shown  in  Figs.  H-l,  H-2  and  H-3, 
respectively . 

The  maximum  gross  stress  for  all  dog-bone  specimen  tests 
in  Phase  II  was  scaled  to  the  "peak  load"  (i.e.,  overload)  in 
each  load  spectra  rather  than  the  nominal  maximum  spectrum 
load.  A  baseline  gross  stress  of  28  ksi  was  used  for 
spectrum  fatigue  tests  under  Task  6  of  Phase  II. 
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